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1 .O INTRODUCT I O l J  
For the l a s t  several years TRW Systems Group, under contract 
t o  NASA-ARC, has performed an extensive research and development 
program i n  var iable conductance heat p ipe technology. The treatment 
has been comprehensive, invo lv ing  theore t ica l  and/or experimental 
studies i n  hydrostat ics,  hydrodynamics, heat t rans fer  i n t o  and out  o f  
the pipe, f l u i d  select ion,  and materials compat ib i l i t y  , i n  add i t ion  t o  
the p r i nc ipa l  subject o f  var iable conductance contro l  techniques. 
E f fo r ts  were not l i m i t e d  t o  ana ly t i ca l  work and laboratory 
experimentation, bu t  extended t o  the development, f ab r i ca t i on  and 
t e s t  of spacecraft hardware, culminaJ:i ng i n  the s u c c ~ s s f u l  f 1 i g h t  o f  
the Ames Heat Pipe Experiment on the OAO-C spacecraft. 
Most o f  the program's accompl ishments have been prev iously  
documented i n  a zeries o f  repor ts  and publ icat ions.  Ear ly  theore t ica l  
and design developments appear i n  References [I , 2, 3 4, 51. La ter  
fundamental work was published i n  Feferences [6,7]. Hardware develop- 
ment and app l ica t ion  e f f o r t s  were clocumented i n  References [8, 9, 101, 
and a computer program f o r  designirig and p red i c t i ng  performance o f  gas 
loaded heat pipes was presented i n  Reference [Ill. 
This docume~t represents the four th research repor t  issued 
on t h i s  program. I t  deals w i t h  f u r t h e r  ana ly t i ca l  , experimental and 
developmental studies per t inent  t o  var iable conductance heat pipe 
techno1 ogy . 
The p a r t i c u l a r  studies which are covered i n  t h i s  repor t  f a l l  
i n t o  three areas, as fol lows: 
1) An analysis was performed on the in f luence o f  the  
noncondensible gas on the  operat ion o f  a r te r i es  i n  
gas loaded heat pipes. Ana ly t i ca l  models were 
derived t o  a)  examine the degree t o  which dissolved 
gas i n  the  l i q u i d  irlcreases the  propensity f o r  nucleat ion 
o f  a gas bubble w i t h i n  an a r te ry  (Sect ion 2.0) and 
b)  explore th, tabi1;ty o f  l a rge  pre-ex is t ing  gas 
bubbles w i t h i n  an a r te ry  (Sect ion 3.0). 
2) An h n a l j t i c a l  and experimental s tudy was performed 
t o  exp lore t h e  f e a s i b i l i t y  o f  es tab l i sh i ng  gas 
generat ion s c a l i n g  laws f o r  acce lerated l i f e  t e s t i n g  
o f  heat p ipes.  (Sec t ion  4.0) .  
3)  A d ~ s i g n  s t ~ r d y  was c a r r i e d  ou t  on t he  use o f  ex tens ib l e  
conta iners  (e .g .  be l lows,  b ladders)  t o  prov ide va r i ab l e  
conductance c o t ~ t r o l  u s i  n- e i t h e r  t h e  vapor f l ow  modulat ion 
o r  excess f l u i d  ?.ondenser f l ood ing  techniques. A vapor 
f l ow modulat ion pr-ototype heat p ipe  was fabr-i  cated 
and tes ted .  (Sect io i i  5.0) . 
2.0 ANALYSIS OF THE GROWTH OR COLLAPSE OF SMALL BUBBLES I N  
GAS LOADED HEAT PIPE ARTERIES 
I n  hea t  p ipes  c o n t a i n i n g  gas i n  t h e  condenser, a r t z r i a l  1  i q u i d  
a c t s  as a  s o l v e n t  and c a r r i e s  d i s s o l v e d  gas w i t h  i t  i n t o  n i g h e r  temper- 
a tu re ,  l ower  1  i q u i d  pressure  reg ions .  The d i s s o l v e d  gas may come o u t  o f  
s o l u t i o n  a t  these h i g h e r  temperatures and lower  pressures p e r m i t t i n g  gas 
and vapor bubbles l a r g e r  than a  c e r t a i n  c r i t i c a l  s i z e  t o  grow. Such 
growth w i l l  cause a  heat  p i p e  a r t e r y  t o  deprime and t h e  heat  p i p e  t o  
f a i l  t o  c a r r y  i t s  des ign  l oad .  
I n  what f o l l o w s  t h e r e  i s  an examinat ion  o f  t h e  a x i a l  v 2 r i a t i o n  
o f  t h e  tendency f o r  bubbles t o  form i n  t h e  b u l k  o f  t h e  fluid f l o w i n g  i n  
the  a d i a b a t i c  s e c t i o n  o f  a  hea t  p i p e  hav ing a  c i r c u l a r  a r t e r y  o f  u r l i f o rm 
c ross -sec t i on .  There i s  f i r s t  a  rev iew  c f  the  laws fur.  t h e  behav ior  a t  
t h e  i n t e r f a c e  o f  i d e a l  g a s - l i q u i d  s o l u t i o n s ,  Eqs. (2-1 ) - ( 2 - 3 ) .  Then 
the  gas f r a c t i o n  i n  t h e  evapora tor  vapor i s  found, n o t  f r o n  the rn loz ta t i cs ,  
b u t  f rom s imple  conserva t i on  o f  mass i n  t h e  s teady -s ta te ,  Eq. (2 -5 ) .  
There then f o l l o w s  a  ve ry  q u i c k  rev iew  o f  f l u i d  mechanics and the  bubble 
growth ( o r  c o l  1 apse) c r i t e r i o n  f o r  a  pre- xi s t i  n g  bubble nucleus . Counter-. 
c u r r e n t  hea t  and mass exchanger a n a l y s i s  i s  t hen  app l i ed ,  and two numer- 
i c a l  examples a r e  presented and discussed.  I t  w i l l  be shown t h a t  t h e  
presencr o f  gas w ~ u l d  cause a  gas lvapor  bubble s m a l l e r  than t h e  pumping 
pore s i z e  t o  grow, i f  one were p r e s e n t  i n  t h e  a d i a b a t i c  i e c t i o n .  
The p a r t i a l  p ressu re  o f  gas P i n  thermodynamic equi  1  i b r i u m  w i  t h  9 
a  m i x t u r e  o f  l i q u i d  and d i s s o l v e d  gas i s  desc r ibed  by Henry 's  L i w  f o r  
d i l u t e  s o l u t i o n s  o f  gas i n  t h e  l i q u i d ,  
w+ere C i s  Henry 's  constant ,  hav ing u n i t s  o f  p ressu re  and be ing  tem- 
p e r a t u r e  dependent, and x i s  t h e  molar  f r a c t i o n  o f  t h e  gas i n  t h e  gas- 
9  
1 i q u i d  m ix tu re .  
The t o t a l  pressure P i s  g iven by Dal t o n ' s  Law, 
where P V  and P a re  the p a r t i a l  pressures of the  vopor a.:d gas res -  9 
p e c t i  ve ly .  
Raoul t ' s  Law g ives Pv. For a b inary  m ix tu re  o f  d i sso lved  gas 
i n  a l i q u i d ,  
where P S a t  i s  the  s a t u r a t i o n  pressure (vapor pressure) i n  thermodynamic 
equi 1 i brium w i t h  the  pure 1 i q u i d .  
Typical  values o f  Henry 's constant f o r  d i l u t e  aqueous so lu t i ons  
are as shown i n  Table 2-1. Note the l a r g e  d i f f e rences  depending upon 
the gas species, and note t h a t  C doubles 3oproxirnately over the range 
of temperatures from 60°F t o  lSO°F. A l a rge  value of  Henry 's constant  
denotes a r e l a t i v e l y  ~ n s o l  u u ! ~  gas a rd  v i ce  versa. 
2.1.2 Steady-Sta ce Dynamic Condi t i o n s  a t  ;n I n t e r f ace :  
The p r e c e e d i n ~  r e i b t i o n s  ho ld  fo r  3 s t a t i c  cond i t i on  a t  the  
i n t e r f a c e .  I n  a dynamic s i t u a t i o n  such as e x i s t s  i n  a heat  p i pe  eva- 
po ra to r  i ihere l i q u i d  evaporates a t  an i n t e r f a c e ,  and the  vapor sweeps 
gas away, conservat ion o f  species d i c t a t e s  tha t ,  
where c i s  t he  molar concen t ra t ion  (deasi  t y  d i v i ded  by molecular weight ) ,  V *  
the male average v e l o c i t y  normal t o  t h e  in ter face&the d i f f u s i v i t y  o f  t h e  
gas i n  the  l i q u i d  o r  vapor, x the  mole f r a c t i o n  o f  the  g species on t he  9 
1 i q u i d  s ide ,y  the  mole f r a c t i o n  on t h e  vapor side, and r the  coord inate normal 
9 
SOLUTE 
TABLE 2 -1  
HENRY ' S  CONSTANT FOR AQUEOUS SOLUTIO!iS 
HENRY'S CONSTANT, ATMOSPHERES 
t o  t he  i n t e r f ace  i n  quest ion.  The subsc r i p t  2 dcnotes t I t , r  ~ h a s e .  The 
adove equat ion holds a t  any p a i r  o f  values o f  r, one c.,.ue Y tl - l i q u i d  
s ide  f o r  the l e f t  term and the o the r  on the  gas s ide .  Tbus each z i d ~  i s  
equal t o  the same constant,  namely the molar f l u x  o f  gas C o i l ;  .jl t o  the  
i n t e r f ace .  
The s o l u t i o n  t o  Eq. (2-4) shows t ha t ,  on the l i q u i d  s ide  very 
near the i n t e r f a c e ,  a  boundary 1  ayer i s  estab l  ished o f  exponent ia l  decay 
* 
thickness &l/vo. This th ickness i s  r a t h e r  small ; f o r  exdmple, f o r  N2 
-8 2 d issc lved  i n  l i q u i d  H,O a t  140°F, & = 4.29 x 10 f t  / s ~ c . ,  and f o r  an 
L L 2 e v a p o r a t i ~ r ~  -a te  corresponding t o  20.0 w a t t s / i n  , v, = 0.436 x  1 0 ' ~  f t l  
sec; the boundary l a y e r  th ickness A r  i s  then 0.01 2  inches. A t  a  d i s -  
tance of  a  few such thicknesses removed from the i n t e r race  x i s  con- 
9 
s t a n t  a t  the bu l k  value so t h a t  the  d i f f u s i o n  term drops. On the  gas 
s ide y  i s  constant  so t h a t  the d i f f u s i o n  term l i k e w i s e  drops. S i r ce  
9 
C vA*  ; c v *  , because t h e  moles o f  species are conserved, 
L k 
where x i s  now understood t o  be t he  bu lk  value a  few boundary l a y e r  9  
thicknesses from the i n t e r f a c e .  
The pressures under dynamic co r~d i  t i o n s  are then NOT givet l  by 
Eqs. (2-1 ) - ( 2 -3 ) ,  when xg i s  understood t o  be the  bu lk  value. The 
equations s t i  11 hold,  of-course, when trle sub Face value o f  x  g '  Xg,s i s  
employed. Hence, 
= Xg,s * 'sat (1-x Q $ 5  ) 
and 
S u b s t i t u t i n g  i n t o  t h e  preceding r e l a t i o n  y i e l d s  
- 
Xg,s'Xg - Xg,s + 'sat ( l - x  ) 9 s  
X = ' C  PSat g  9 s  /x - C + P  9 s a t  
Since y atid P are constant i n  the gas phase 9 
P 
P = p  = C x  - ' s a t  
4 g,S !3 9s - - 1 - 1 + P s a t  
X 
g C 
where terms x and smd l le r  have been neglected, compared t o  u n i t y .  9 
2.1.3 P r e s s u r e - j c  the  A r t e r y  f an Ad ia5a t i c  Sect ion:  
L e t  t ke  cond i t i ons  a t  the end o f  an evaporator ~n o f  heat  
p ipe  ad jo i n i ng  tne begi i ln ing o f  an ad iaba t i c  sect ior .  ? ,oted by a 
subsc r i p t  e. L;t the d is tance down the ad iaba t i c  bec t ion  ( i n  the d i r -  
e c t i o n  o f  the vapor f l ow )  be z. Then the  pressure i n  the 1 i v i d  -i n s i d e  
a un i form a r t e r y  i s :  
P, ( z )  = P + (dP,/dz) z 
.L ,e 
where f o r  laminar  f l ow  i n  an a r t e r y  o f  diameter D 
where lip i s  l i q u i d  v i s c o s i t y ,  Q heat f l ow ,  pi l i q u i d  dens i t y ,  
and 1 l a t e n t  heat.  Note t h a t  dP, l d z  i s  constant i n  an ad iaba t i c  sec t i cn .  
The pressure P,,, i s  i n  t u r n  r e l a t e d  t o  the  t o t a l  (gas p l us  
vapor) pressure and rad ius  o f  cu rva tu re  o f  t he  menisci  i n  the wick ~t 
t h a t  po in t .  
Since Pe i s  e q v :  t o  the  sub o f  Eqs. (2-6)  and ( 2 - 7 ) ,  f r o m  Eq.  
( ? - l o ) ,  we can w r i t e  
where aga in  terms o f  o rde r  x have been neg lec ted.  Eq. (2-8)  becomes g ,e 
2.1.4 - C r i t e r i o n  f o r  Bubble Growth: 
The c r i t i c a l  bubble s i z e  i s  r e l a t e d  t o  t h e  sur face t e n s i o n  and 
the pressure d i  f f e r e n c e  between the  gas-vapor m i  x t u r e  and 1  i q ~ i  d .  
S u b s t i t u t i n g  Eos. (2 -1  ) - (2 -3 ) ,  ( v a l i d  f o r  the s t s t i c  condi t i m s  
presumed a t  the  bubble ' n t e r f a c e )  and Eq. (2-121 i n t o  (2-1 3) g ives 
Tne terms on the r i g h t  hand s i de  may be i d e n t i f z 3 d  as fs!lows: 
dP 
1. - (d$-) Z, the l i q u i d  pressure r i s e  e f f ? i t ,  good. 
2. - - F ) ,  tne l i q u i d  subcool ing e f f ec t ,  good. ('sat,e s a t  
3. ( C  -Psa t )  x t h e d i b s o l v e d g a s  e f f e c t ,  bad. 9 ' 
4.  -x  P 'sz t ,e (1  - g,e  s a t y e  ) ,  the e f f e c t  of d isso lved  cjas on 
'e t o t a l  pressure, good b u t  small . 
I t  remains t o  determine x and T as f i inc t ions o f  z. 
9 
2.1 .5 Ccunter-Current Exchanger R2l at ionsh i  ps : 
A t  the junct 'on o f  the  ad iaba t i c  sec t i on  and condenser z = L, 
the l i q u i d  i n  the a r t e r y  may be sonewhat subc3oled a t  bu lk  temperature 
TL auld i s  gas-r ich a t  mole f r r i t i o n  x g,L' The l i q u i d  then f lows down 
the a r t e r y  counter-currcnt  t o  vapor sweeping up the a r t e r y .  The l i q u i d  
warms ra the r  q s i c k l y  due t o  a small amount o f  condensation on the a r t e r y  
outer  surface and i s  s t r i p p e  ! o f  gas by the counter- f lowing stream o f  
near ly  pure vapor. The governing d i f f e r e n t i a l  equat ion f o r  t he  bu lk  
temperature i s : 
where m i s  mass flow, c s p e c i f i c  heat o f  t he  l i q u i d , P p e r i m e t e r ,  and 
P 
k U = h =  E R U  (2-1 6) 
For es tab l i shed  laminar  f l ow i n  a  c i r c u l a r  a r t e r y  Nu = 3.65 and 
= TD. S i m i l a r l y ,  the  governing d i f f e r e n t l a 1  equat ions f o r  bu lk  mole 
f r a c t i o n  i n  the l i q u i d  and vapor streams ?re,  r espec t i ve l y ,  
\.:here M i s  molecular weight of t he  working f l u i d ,  and K i s  mass t r ans fe r  
c o e f f i c i e n t .  
The i n t t r f ~ i a l  cond i t i ons  are determined by c o n t i n u i t y  o f  gas 
f low across t t  i n t e r f ace ,  
and Henry 's and Dal ton  ' s  Laws 
where (dk/dz) i s  g iven by an expression s i m i l a r  t o  Eq. (2-9) f o r  laminar  9  
vapor f l ow  on the gas s ide.  The mass t r a n s f e r  c o e f f i c i e n t s  are:  
9% n ~ m b ~ r  o f  r e a l i s t i c  s iap ! i f i ca t ians  can be E G ~ C .  For n e g l i g i b l e  
(dPIdz)  Eq. (2-20) reduces to :  9 
Henry number H i s  always qui ie large for cases of interest .  
Whether H i s  large or cot, Eqs. (2-19) and (2-23) can be found t o  result 
i n :  
?' B u t  because H i s  large and b e c a u s e 8  .:. u. . , we have HK >> K; 9 9 
The right hand equality i s  based upon negligible res i s t  1nce to mass 
transfer through tne artery wall ; i .e. , a thin porous artery wall. 
An additional simplication i s ,  because of large H ,  and bec~use 
n = m., and y = x i s  small, 
9 A 9 9 
For these reasons E q .  (2-18) i s  of no interest ,  and Eq. (2-17)  
becomes 
Eqs. (2-15) dnd (2-27) are i n  identical form, and the solutions 
are, assumi ng constant i~ussel t numbers, 
where N i s  t h e  number o f  t r a n s f e r  u n i t s  w i t h  the  s u b s c r i p t s  h  f o r  hea t  t u  
t r a n s f e r  and m f o r  mass t r a n s f e r ,  
Note t h a t  
For gases d i s s o l v e d  i n  water ,  t h e  f o l l o w i n g  va lues p e r t a i n :  
TABLE 2 - 2  
PROPERTIES FOR DILUTE AQUEOUS 
SOLUTIONS OF NITROGEN 
TABLE 2-3 
SCHMIDT NUMBER AT 68°F 
FOR SOME AQUEPIIS SOLUTIONS 
Species Nh 3 c1 2 CCIL O 2 " 2 2 
Schmidt No. 570 834 559 558 196 613 
Un fo r tuna te l y ,  Schmidt number exceeds Prand t l  number. For  
example, a t  T = 140°F ScN /Pr  = 39.9, and the  NtU f o r  h e a t  t r a n s f e r  i s  
2 n e a r l y  f o r t y  t imes l a r g e r  than t h e  Ntu f o r  mass t r a n s f e r .  The e f f e c t  i s  
t h a t  t h e  r e g i o n  i n  which t h e  l i q u i d  i s  heated i s  f o r t y  t imes s h o r t e r  i n  
l e n g t h  than t h e  r e g i o n  i n  which t h e  i i q u i d  i s  s t i - ippsd o f  gas. Hence 
the  b e n e f i c i a l  e f f e c t  of  subcoo l ing i s  l o s t  b e f o r e  t h e  e f f e c t  o f  gas 
s t r i p p i n g  can be f u l l y  r e a l i z e d .  
2.1.6 The Most C r i t i c a l  A x i a l  P o s i t i o n :  
The f i n a l  s o l u t i o n  f o r  the  danger o f  bubble growth i s  g i ven  by 
Eq.  (2-14) combined w i t h  Eqs. (2-28) and (2-29).  Le t ,  
and 
128 v L  Q L C (2-34) 
e .  s a t  ,e 
Then 
The quant i  t y  5 i s  a measure o f  the danger o f  bubble growth, and 
i t  may be p l o t t e d  versus z/L t o  f 'nd t he  most c r i t i c a l  a x i a l  p o s i t i o n .  
We have noted t h a t  Ntu,h tends t o  be many t imes l a r g e r  than 
N t u  , m e  Because of t h i s  fac t ,  T w i l l  r a p i d l y  approach Te, and, f o r  z 
s l r f f i c i e n t l y  s s a l l e r  than L, the term sse 
-psat'psat,e ) may be appro- 
ximated by 
M i  t h  the C l  ausius-Clapeyron approximat ion 
z 
-Ntu,h (1- L )  
'se 
s a t  ,e (2-36a) 
If Ntu,h i s  l a r g e  enough t h i s  term may be n e g l i g i b l e .  
I f ,  i n  a d d i t i o n  t o  a l a r g e  NtuYh, the parameter S i s  smai l  com- 
pared t o  ;, , where 
the most c r i t i c a l  spot  may be found f rom Eq. (2-35) t o  be a t  the  j u n c t i o n  
o f  the evaporator and ad iaba t i c  sec t i on  a t  z = 0. A t  t h i s  l oca t i on ,  under 
the cond i t i ons  above, and neg lec t i ng  1 /H~,' compared t o  u n i t y  , there  
r e s u l t s  
This r esa l  t i s  seen t o  be q u i t e  simple. I t  shows t h a t  the con- 
t r o l  1 i n g  fac to rs  a re  xL , the  f r a c t i o n  o f  gas p icked  up i n  the  condensate 
and the e -Ntu'm, the  measure of the e f fec t i veness  o f  the  ad iaba t i c  sec t i on  
as a mass exchanger. However, as w i l l  be seen i n  Sect ion 2.2, the para- 
meter S i s  l a r g e  f o r  cqueous so lu t ions ,  and t h i s  s lmple r e s u l t  i s  n o t  
p e r t i n e n t  t o  them. 
2.1.7 The Determination of xL ard TL: 
The TRW GASPIPE computer program [11 ] predicts fair ly  accurately 
the temperature in the condenser wall and the vapor wick interface tem- 
perature as a function of z and the vapor and total pressures. Hence 
the molar fraction of gas y as a function of z i s  known reasonably 
accurately. With somewhat 1 ess accuracy the program a1 so predicts con- 
densate flow rate m as a function of z. 
Under the assumption that the condensate condenses in a saturated 
s ta te  and loses negl sgi ble gas by back diffusion as long as the con- 
densation rate i s  high, one can calculate x ( z )  from: 
d (xm) ; , - d m - &  
dz  sa t  dz - H dz 
where LC i s  the length of the condenser and L retains i t s  meaning for 
now as the length of the adiabatic section, more explicitly La. 
By the same reasoning and neglecting heat transfer to or from 
the condensate a f te r  i t  condenses (which may or may not be jgstified,  
depending on the condenser wick configuration) 
L+Lc 
T - T  I/ m ( T ~ - T ~ ~ ~ ) ( $ ) ~ z  (2-39) 
L L  
Eqs. (2-38) and (2-39) conclude the analysis in Section 2 of this  report. 
The results are summarized and two numerical examples are presented in the 
remainder of the section. 
2.1.8  Summary o f  Ana l y t i ca l  Resul t s :  
Eqs. (2 -35 )  together  w i t h  (2-36a) descr ibe the bubble growth para- 
meter ( versus d is tance i n  an ad iaba t i c  sec t ion .  Eqs. (2-38) and (2-39) 
together  w i t h  GASPIPE r e s u l t s  f o r  Te- Tsat and y versnUs z serve t o  f i x  
xL and TL needed f o r  Eqs. (2-35) and (2-36a). I f  t he  iL term i n  Eq. 
(2-35) i s  la rge ,  then Eq. (2-37) may ho ld .  The i n e q u a l i t y  shown above 
Eq.  (2-37) determines whether o r  n o t  cL i s  l a r g e  enough. 
2.2 Two Numerical Examples : 
Consider a water heat p i pe  w i t h  a 2 foot  long ad iaba t i c  sec t i on  
havi  ng an 0.060 i nch  diameter pedestal  a r t e r y .  Two ope ra t i  ng condi t i o n s  
are considered: 
2 )  l ! igh Power: = 745.4 B tu l h r ,  Te = 740°R 
The remaining assumed cond i t i ons  a re  taken t o  be those shown i n  
Tab1 e 6-2 and F igure 6-22 o f  Referent: [3]. 
Under the assumption o f  constant  Hc values o f  yL were obta ined 
as i n d i c a t e d  by Eq. (2-38):  
For case (1 )  
While f o r  case ( 2 )  
( 1 . 0 2 8 ~ 1 0 - ' ) = 0 . 0 3 6 4  
" L =  m 
(These r e s u l t s  a re  obta ined from GASPIPE [I 11). 
1 G 
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Assuming a pumping pore o f  1/200 inches g ives :se. For case ( 1 )  
For case (2 )  
Henry number was n o t  found f o r  the  h igher  temperatures. I t  i s  
the re fo re  poss ib le  on l y  t o  t i i n a t e  Hs,/Hs, f o r  case ( 1 ) .  I n  t h i s  case: 
The NtuYm value i s   the^ obta ined from Eq. (2-31). For case (1 )  
For case (2 )  
The remaining parameter i n  Eq. (2-35) i s  r,. From Eq. (2-34), 
For case (1 ) 
50.4 128(.388 x 10-5)( .~2786/(32.2 x 
= (RW) ( 3.14(0.060/12)~ 3 
For case ( 2 )  
To see whether o r  n o t  Eq. (2-37) i s  appl icab le,  we compute: 
For case (1) 
For case ( 2 )  
S = (1.09)(0.0364)(2.2)(434/4.55 x lo-') = 833 
Both are much l a r g e r  than u n i t y ,  and Eq. (2-37) i s  n o t  app l i cab le .  
Table 2-4 summarizes the above resu l t s ,  and Figure 2-1 shows a p l o t  o f  
Eq. (2-35). 
2.2.1 Discussion: 
The f i g u r e  shows t h a t  t he  subcool i n g  e f f e c t  predominates the 
d isso lved gas e f f e c t  a t  1 - z/L = 0 (where the 1 i q u i d  condensate enters  
the ad iaba t i c  sec t ion) .  I n  both cases 6 i s  negat ive,  which i nd i ca tes  
t h a t  a bubble the s i z e  o f  the  pumping pore would co l lapse  completely. 
I n  case (1 )  the heat  f low and r e s u l t i n g  v e l o c i t i e s  a re  s m i l l  so 
t h a t  the  Ntu f o r  both heat and mass t rans fe r  are l a r ze .  I n  t h i s  case 
TABLE 2-4 
SUHMARY OF PARAHETERS: IIIJf1ERICAL EXArlPLES 
PARAMETER CASE 1 CASE 2 

the f l u i d  r a p i d l y  loses i t s  subcooling so t h a t  5 cl imbs and redches 
posi  ti ve va l  ! ~es .  However, the gas s t r i p p i n g  proceeds r a p i  a l y  a1 so, and 
the value of  6 q u i c k l y  drops t o  the small value a r i s i n g  from the hydro- 
dynamic 1 oad. 
I n  case (2)  the subcool ing e f f e c t  i s  q u i t o  s t rong i n i t i a l l y  and 
i s  on ly  gradua1:y l o s t ,  because the Ntu f o r  heat t r ans fe r  (and n.ass 
t r a n s f e r  more so) i s  small a t  the h igher  1 io;lL v e l o c i t i e s  occ~s!oned 
by the higher heat load. As the  subcoal i s  1o:t, t.he d isso lved gas 
comes i n t o  p lay ,  d r i v i n g  ( p o s i t i v e .  the gas s t r ' , ~ p i n g  e f f e c t  
becomes s i g n i f i c a n t  and 5 reaches a  axi in^,,,^^ or13 decreases. The maxinlltm 
i s  seen t o  be l a rge  enough so t h a t  a bubble appreciably srnal l e r  than 
the pumping pore s i ze  would grow i n  the a r t e r y  causing f a i  1 ure.  
I t  i s  worthy o f  note t h a t  case ( 2 )  corresponds t o  on ly  a 4.4% 
demand on the pumping capaci ty  o f  the wick (i, - = 4.4 x i n  Table 
2-4). The pore s i z e  a c t u a l l y  needed i n  the evaporator i s  thcs over  20 
times 1 arger than t h a t  chosen i n  the  example. When the  s i ze  o f  the 
p o t e n t i a l l y  troublesome bubble i s  compared t o  t h i s  l a r g e  s ize ,  the e f f e c t  
o f  d isso lved gas i s  seen t o  be l a r g e  indeed. 
The parameter 5 i s  an inverse  measure o f  t he  s i z e  o f  pre- 
e x i s t i n g  bubbles which w i l l  grow ( 9 r  co l lapse)  a t  any p o s i t i o n  along 
the heat pipe. As such, i t  i s  a measure o f  the potenti.? fa: aarlc;leation 
o f  vapor bubbles from p re -ex i s t i ng  gas s t a b i l i z e d  nuc lea t ion  s i t e s  w i t h i n  
an a r t e r y .  I f  there  are nuc le i  present i ns i de  t h e  a r t e r y  l i q u i d ,  then 
vapor bubbles w i l l  grow a t  a nuc lea t i on  s i  t e  whenever 6 grows s u f f i  c i e n t l v  
l a rge  t h a t  the c r i t i c a l  rad ius r = r e  + 1 )  i s  equal t o  o r  l ess  than 
the s i z e  o f  t h e  p re -ex is t ing  nucleus. 
Typica l  heat  p ipe  p r a c t i c e  invo7 ves values o f  re around 5 x lo- '  
inches. However, i t  i s  d i f f i c u l t  t o  ea,imate t h e  s i z e  of na tu ra l  nuc le i  
which might e x i s t  i n  a heat p i pe  a r t e r y ,  I f  we draw f r o ~ n  e x p ~ r i e n c e  w i t h  
nucleate b o i l i n g  from c lean surfaces, such nuc le i  would have r a d ~ j  on the  
order  o f  inches. Then t would have t o  r i s e  t o  a value o f  o rder  
50 t o  promote bubble growth. The numerical examples then suggest t h a t  
such na tu ra l  nucl  e i  are genera.'] ly to1  e rab le  except perhaps i n  systems 
under very h i gh  load. 
I n  s p i t e  o f  t he  quant i  t d t i  ve unde r t a i nL j  regard ing cond i t i ons  
f o r  bbbble growth, the ana lys is  y i e l d s  usefu l  semi-quant i t a t i v e  r e s u l t s ,  
I t  demonstrates t ha t ,  f o r  a g iven l oad  ( g i r e n  value o f  r e ) ,  t h e r e  e r i s t s  
a c r i t i c a l  p o s i t i o n  along t h e  p i pe  ( t h e  maximum i n  5 )  a t  which nuc lea t i on  
i s  most probable. It a lso  a l lows one t o  determine the  r e l a t i v e  proba- 
b i  1  i t i e s  of :~uc lea t ion  f o r  d i f f e r e n t  operat ing cond i t i ons  o r  heat p ipe  
designs by comparing t l i e  resu l  t s  f o r  r e  + 1  . 
I t  i s  s t ressed t h a t  the  theory developed holds f b r  the bul!:. 
averages ;n the f l u i d .  The center1 i n e  v ? l ~ s  o f  r p e r s i s t  a t  lower 
value; f o r  a  longer d is tance  from the  condenser and then r i s e  t o  high-. 
values. The wa l l  v a l u ~ s  are considerab'cy d i f f e r e n t  t h a , ~  the bu l k  values 
a1 so. I f  s izeable  nuc le i  a re  present  on ly  011 tho wa l l s  , the ci. i  t i c a l  
pos i  t 'on would seem t o  be j u s t  a t  the  t r a n s i t i o n  frorrl tb? condenser t o  
ad iaba t i c  sect ioq.  But bubbles cod ld  no t  grow t o  3 very i ;ge s i z e  
before encounter i  nc subcoeled 1  i q u i d  deeper w i  t h i n  the  .?r tery .  
3.0 ANALYSIS ?F T.:T 5T;idiLITY OF 1-ARGZ BUBBLES IN  GAS LOADED 
HEAT PISE ARTERIES - REPRIMING OF FAILED ARTERIES 
A c losed a r t e r y  heat p ipe  i s  one having a h i gh  pe rmeab i l i t y  
l i q u i d  condui t  capable o f  being operated a t  l i q u i d  pressures lower than 
can be supported by a vapor-- l iquid i n t e r f a c e  o f  the s i z e  o f  t he  a r t e r y  
f low path.  I n  i t s  s imp les t  form an a r t e r y  i s  a c y l i n d r i c a l  tube running 
i ns i de  the heat p ipe  from the condenser t o  the  evaporator.  The a r t e r y  
tube can d e l i v e r  o r  rece ive 1 i q g i d  t h r o ~ g n  a porous web t o  w i c k i ~ g  on 
the p ipe w a l l .  The wa:l w ick ing  has a low p e m e a b i l i t y  hut  a h i gh  
capi 11 3 ry  pumping ab i  1 i t y  and serves t o  d i  s t r i  bute the 1 i qui  d c i  rcum- 
f e r e n t i a l l y  over the  p ipe  w a l l  and t o  p rov ide  s t rong  c a p i l l a r y  s u c t i c n  
t o  force f l ow  through the condenser w ick ing  and web, along the a r t e r y ,  
and through the evaporator keb and wick ing.  The web and d i s t r i b u t i o n  
wick ing w i l l  be r e f e r r e d  t o  as secondary o r  backup w ick ing  i n  the  r e -  
nainder o f  t h i s  r epo r t .  
Should a vapor bubble cn te r  the  a r t e r y  a t  the e v a p o r a t ~ r  end, 
f o r  example, through the C i s t r i b ~ f t o n  web o r  through g rok th  o f  a gas 
bubble nucleated 3s a consequence of gds i n  the  p i p c ,  such a bubble 
w i  11 cause the a r t e r y  t o  f i i  1 w i t h  vapor, i f  the bubble exceeds a 
c r i t i c a l  s ize.  The vapor p l ug  which then forms e l im iqa tes  l i q u i d  f l o w  
through the h igh permeab i l i t y  a r t e r y  path and may cause t he  evaporator 
t o  dry o u t  and tne evaporator temperatui-e t o  r u n  away. It i s  o f  con- 
s ide rab le  engineer ing importance t o  know whether o r  n o t  t he  a r t e r y  wi  11 
reprime when t h ?  heat load on the  p i pe  i s  reduced. I f  repr im ing  cccurs,  
the p ipe  can once more be operated a t  h i gh  heat  loads w i t h  low evaporator 
temperature . 
Experiments a t  TRW Systems Group have shown t h a t  when a r t e r i e s  
made o f  scree prime, a t h i n  sheath o f  l i q u i d  forms and runs a long the 
screen w a l l  ahead o f  the  main 1 iqu id-vapor  meniscus. When such an a r t e r y  
was <?primed by imposing a g rea te r  hyd ros ta t i c  pressure d i f f e r e n c e  than 
the screen could  support, the e r t e r y  emptied o f  1 i q u i d  and f i l l e d  w i t h  
vapor 2nd a i r ,  b u t  a t h i n  sheath o f  1 i q u i d  remained i n t a c t  over the 
e n t i r e  a r t e r y  wa l l ,  as f a r  as v i sua l  i nspec t ion  cou ld  determine, a1 t h o ~ g h  
some pores must have admitted the a i r .  The t h i n  sheath o f  1 i q u i d  pre- 
vented the a r t e r y  f r o m  repr iming by t r a p ~ ' n g  a i r  w i t h i n  i t .  Only when 
the sheath was removed by blowing ho t  a i r  from a heat gun d i d  the a r t e r y  
reprime. 
One can thus envis'on the f o l l ow ing  scer:ario f o r  a gas con t ro l le r !  
heat p ipea  A heat p i pe  a r t e r y  f a i l s  a t  too h igh a beat load by e n t r y  
o f  vapor through the evaporator web o r  a pore on the a r t e r y  screen wa l l .  
The evaporator d r i e s  out, and the evaporator temperature r i s e s  rap id l y .  
4 sensor detects  the evaporator tezperatzre run away and g r e a t l y  rgduces 
the heat load. Since the open a r t e r y  and sec~nda ry  w i c k i ~ g  ccn t inue  t o  
d e l i v e r  some 1 i q u i d  even a f t e r  f a i l u r e  o f  t hz  a r t e r y ,  w i t h  the  power re -  
dbced s u f f i c i e n t l y  the evaporat ion o f  the remaining 1 i q u i d  supply cools  
the evaporator. As the evaporator cools,  the secondary wick ing and open 
a r t e r y  are ab le  t o  supply l i q u i d  a t  a greater  d i s t an re  frcm the condenser 
thus hastening the coo: i ng. When s u f f i c i e n t  cool i ng has occurred, the 
secondary wick ing repr ines  completely, and a sheath of  l i q u i d  forcis over 
the a r t e r y  screen w a l l .  The bubble of vapor and nonccndensible gzs 
trapped by the 1 i q u i d  sheath prevents f u r t h e r  repr imiog except as the 
qas d i f fuses  through the sheath o f  1 i a ~ i d  we t t i ng  the a r t e r y  .da l l .  
Counteract ing the  d i f f u s i o n  o f  gas through the a r t e r y  sheath i s  
the evo lu t i on  o f  d isso ived gas c a r r i e d  up the 1 i q u i d - f i l l e d  p o r t i o n  o f  
the a r t e r y  f r o m  the gas-blocked p o r t i o n  o f  the condenser. A gas- 
coq t ro l  1 ed heat pipe, p a r t i c u l a r l y  a t  reduced heat loads, contains an 
extensive sec t i on  o f  condenser which i s  svbcooled and contains much gas. 
A small amount o f  the gas i s  unavoidably d isso lved i n  the  condensate 
and c a r r i e d  up the  a r t e r y  i n  the d isso lved s ta te .  Some of the gas i s  
l o s t  by " s t r i p p i n g "  t o  the  counter- f lowing vapor stream i n  the pipe, 
b u t  unavoidably the remainder f iows w i t h  the l i q u i d  t o  the v i c i n i t y  
of  the vagor p l ug  i n  the a r t e r y  before the l i q u i d  i s  d i v e r t e d  from the 
a r t e r y  by the p luo  i n t o  the secondary wicking. As the 1 i q u i d  f lows 
over  the cap o f  the vapor bubble plug, gas i s  t r ans fe r red  t o  the 
bubble cap i n t e r f a c e  and evolved i n t o  the bubble. 
Whether o r  n o t  the a r  i e r y  reprimes completely then depends u p m  
whether o r  n o t  gas d i f f u s e s  through the a r t e r y  sheath f a s t e r  than i t  i s  
sdpplied by the bubble cap. I n  what fo l lows these mass t rans fer  rates 
are formalated, and a computer program t o  determine whether o r  no t  a 
f a i l e d  a r te ry  w i l l  reprime a t  a given reduced heat load i s  described. 
3.1 L iqu id  Flow i n  the Evaporator: 
3.1.1 Objectives: 
I t  i s  d s i  red t o  develop the demand upon the pumping pores i m -  
posed by a uni formly d i s t r i b u t e d  heat t l u x  i n  an evaporator cantaining 
a f a i l ed  ar te ry .  The pressure necetsary t o  susta in the bubble cap i s  
also desired. The f i r s t  quant i ty  w i l l  be used t o  es tab l ish  the maximum 
length o f  evaporator which can be supplied w i t h c ~ t  dry out. Dry out  o f  
a po r t i on  o f  the evaporator would presumabl~ lead t o  dry ou t  o f  the 
a r te ry  sheath as wel l  and would thus l i b e r a t e  the gas b lock ing the ar te ry .  
Then the a r te ry  would be f ree  t o  reprime u n t i l  for r~ iat ion o f  a ~ s w  sheath 
again impeded i t s  progress. The maximum length which can be suppl ied 
w i  t h o ~ t  d r j  ou t  i s  thus taken t o  be the maximum length o f  the a r te ry  
sheath. The second quant i ty ,  the pressure a t  the bubble cap, w i l l  be 
compared w i t h  thc s q ~ i l   brium pressure establ ished by a balance o f  the 
mass t rans fer  rates i n t o  and out  o f  the bubble. I f  t h i s  equ i l  ibr iurn 
pressure i s  lower than the pressure necessary t o  susta in the bubble, the 
bubble w i l l  spontaneously reduce i n  s ize  and v ice  versa. 
Pumping Pore Stress: 
The hydrostat ic  cond i t i  -n of the vapor bubble cap i s  an equa l i t y  
o f  the pressure and surface tension forces. N i t h  the assumption o f  a 
hemi spherical  i n te r face  the eq~ la l  it y  i s  
Under condit ions o f  neg l i g ib le  vapor side pressure drop and zero g r ? > i  t y ,  
the pumping pore radius o f  curvature and p ipe pressure are re1 ated by 
where P . ( 0 )  i s  the 1 i q u i  d pressure a t  z = 0, the  end o f  t h e  eva l  j r a t o r  
A 
f u r t h e s t  removed from the  condenser. The b ~ 5 b l e  i s  i m a g i r , ~ d  t o  e r i s t  
from z = 0 t o  z = zb. I n  t h i s  p o r t i o n  o f  the evaporator a ?arc901 c 
1 i q u i d  pressure d i s t r i b u t i o n  e x i s t s  
where 
The subscr ip t  w r e f e r s  t o  the backup o r  secondary w i ck i  ng, and z, i s  the 
evaporator 1 ength . 
I n  the primed p o r t i o n  o f  the euaporator, ze > z z b , a parabo l i c  
l i quid  pressure d i  s tri bu ti on a1 so e x i s t s  , bu t  the pressare grad ients  are 
much ;ess steep due t o  the h igh  permeab i l i t y  o f  the  a r t e r y ,  
where 
A t  the end of the condenser, assumed to be flooded, the 
pressure i s  
where the last two terms are the adiabatic and condenser section 
pressure drops, 
Eq. (3-9) serves t o  f ix  P, in terms of P, (o), Q ,  and zb. 
Equating Eqs. (3-2) and (3-9) yields an expression for pumping 
p o ~  demand. Rearrangi ng the expression gives 
where 
Since 3PWe i s  g rea te r  than ;Pe. the demand upon the pumping pore increases 
' * 
w i t h  rb*' as we l l  as Q . 
3.1.3 -- Bubble Pressure: 
I t  remains t o  determine the bubble pressure d i f f e rence ,  P + 
* * g b 
Pvb  - PV. Eqs. (3-1) t o  (3-3) combine t o  g i ve  a t  z = zb 
This expression may be combined w i t h  Eq. (3-12) t o  g i ve  
This equat ion s ta tes  t h a t  Q* must be s u f f i c i e n t l y  small so t h a t  t he  open 
a r t e r y  pumping w i  11 exceed the primed f l ow  demand, 
2" 
- r [I 7 JP, + A%, + - 1 A ] ij* 
a 2 c 
s ince Pb must be p o s i t i v e  i n  o rde r  t o  d r i v e  gas o u t  of the  bubble and 
* 
f o r ce  zb t o  zero. 
3.2 Transfer  through t he  A r t e r y  Sheath: 
3.2.1 Mass Transfer:  
The mass t r a n s f e r  through the  a r t e r y  sheath i s  1 i n e a r l y  r e l a t e d  
t o  Pb. and a q u a n t i t a t i v e  value o f  the  p r o p o r t i o n a l i t y  constant  i s  
desired. The phys ica l  s i t u a t i o n  lends i t s e l f  t o  an extremely s imple 
model. The mass t r a n s f e r  res is tance  i n  t he  vapor space i s  smal l  tom- 
pared t o  the  res is tance  through t he  l i q u i d  sheath, co the  e n t i r e  1 i q u i d  
side on the i n t e r i o r  vapor l i q u i d  sheath in ter face i s  v i r t u a l l y  uniform 
i n m o l e f r a c t i o n x  H e n r y ' s a n d R a o u l t ' s l a w s t h e n g i v e  gb' 
where C i s  the Henry constant and Pvi i s  the sa tura t ion  vapor pressure 
corresponding to  the i n t e r i o r  temperature, which Ts taken t o  be i s o -  
thermal. I n  general the temperature Ti w i l l  be very s l i g h t l y  less  than 
the prevai 1 i ng pipe vapor temperature, because o f  the sl i ght  subcool i ng 
o f  the l i q u i d  near the bubble cap. 
From a simple mass balance i t  i s  c lea r  t h a t  the mole f r a c t i o n  i n  
the vapor outside the a r te ry  a t  any ax ia l  l oca t i on  has bulk  mole f r a c t i o n  
y equal t o  the bulk  mole f r a c t i o n  x o f  the l i q u i d  i r i  the wicking a t  
9 9 
tha t  a x i a l  loca t ion .  Since the mole f r a c t i o n  i n  the l i q u i d  j u s t  i ns ide  
the e x t e r i o r  vapor l i q u i d  sheath i n te r face  ' s  equal t o  y d iv ided by 9 
Henry number H where 
and since H i s  enarmous f o r  the f l u i d  and noncondensible gas pa i r s  com- 
monly used i n  heat pipes, the l i q u i d  s ide mole f r a c t i o n  on the e x t e r i o r  
o f  the sheath i s  neg l ig ib le .  Thus the r a t e  o f  gas withdrawal fram the 
bubble i s ,  assuming a hemispherical a r t e r y  end cap, 
where a, i s  the a r t e r y  wal l  sheath e f f e c t i v e  thickness and Rsh,m i s  the 
resistance o f  the sheath t o  mass t rans fer ,  
O f  course, i f  s a  i s  apprec iab le  compared t- Da, the usual l oga r i t hm ic  
c y l i n d r i c a l  s h e l l  r e l a t i o n s h i p  would be used i n  preference t o  the s lab  
r e l a t i o n  above. 
Eq. (3-1 5 )  o f  the prev ious sec t i on  def ined a  q u a n t i t y  Pb.  We 
now form the  same pressure d i f f e r e n c e  and emplok Eq. (3-1 8) t o  ob ta i n  
'he Clausius-Clapeyron r e l a t i u n  may be used t o  o b t a i n  the magni tude o f  
sP ,/ aT 
3.2.2 Heat Transfer:  
A t  the same t ime t h a t  mass i s  f l ow ing  through the  a r t e r y  sheath 
o u t  o f  the  bubble, heat  i s  f l ow ing  through the  a r t e r y  sheath i n t o  the 
bubble. Again employing a  s imple s l ab  model f o r  t h i n  sheaths o r  the 
c y l i n d r i c a l  she1 1  f o r  t h i c k  sheaths 
- !2 * 
- - 
2 
P i n  a, ( T  D,L,z, + T D, 1 2 )  ( 5  - Ti) 
' ( T - T , )  oin = 
sh ,h 
where 
3.3 Transfer  through the  Bubble Cap: 
3.3.1 Mass Transfer:  
A simple model which shows t he  main phys ica l  features o f  the 
bubble cap t r ans fe r  i s  const ructed as fo l lows .  L e t  t he  mole f r a c t i o n  
o f  the noncondensi b l e  which reaches the v i c i n i t y  o f  the bubble cap be 
. Suppose a boundary l a y e r  e x i s t s  over the hemispherical cap whose 
X~ 9" 
e f f e c t i v e  thickness i s  D,INU,,~, . and the mole f r a c t i o n  a t  the edge o f  
t h i s  boundary l a y e r  i s  x ge- F i n a l l y ,  the mole f r a c t i o n  a t  the bubble 
cap surface i s  x Gas i s  brought up the a r t e r y  and back up wick ing gb' 
a t  the r a t e  x Q / A  M, moles per  u n i  t time. O f  t h i s ,  gas i n  the amount 9 9" li 
'ae Q / h  Mp i s  fo rced  i n t o  the back up wicking, because o f  the vapor 
b;bble plug, and the remainder d i f f u s e s  through the boundary 1 ayer i n t o  
the bubble. Hence 
Eq. (3-27) above may be represented i n  engineer ing c i r c u i t  terms 
by a mass cu r ren t  mbc f l ow ing  i n  succession throuol: two mass t r a n s f e r  
resistances, one R Q ,m 
* * 
Note t h a t  i n  the  evaporator sec t i on  F ( Z ~  ) i s  zb i t s e l f ,  and i n  the  
* 
ad iaba t i c  sec t i on  F(zb  ) i s  u n i t y .  The o the r  res is tance  i s  Rbc,,, 
The q u a n t i t y  x  w i l l  have t o  be found from an ana lys is  t o  f o l l o w  9 3" 
i n  the  n e x t  sec t ion .  I t  i s  poss ib le  now t o  e l im ina te  x and w r i t e  a  ge 
more useful expression f o r  mb,, 
3 . 3 . 2  Heat Transfer: 
where 
I n  a  s i m i l a r  manner, an expression f o r  Qbc call be found 
From the  Col burn r e l a t i o n s h i p  one would expect t h a t  
= (Sc,lPr,) 1 / 3 bcINUh ,bc 
3 2 
where ScZ and P r k  are the l i q u i d  Schmidt and Prandt l  numbers, respect ive ly .  
A value o f  Nussel t number i s  d i f f i c u l t  t o  f i x ,  because o f  the 
var ie ty  o f  geometrical forms which the web can take, and because o f  the 
complex three-dimensional nature o f  the f lew occurr ing near the bubble 
cap as f l u i d  i s  withdrawn i n t o  the web. I t  seems improbable tha t  tk,e 
value would f a l l  below the value f o r  convection a t  the average 1 i q u i d  
veioc i  t y  over an i s c l  ated sphere, i n  which case the upper 1 i m i  t t o  Rbc 
would be obtained w i t h  Nubc = 2.0. On the contrary, i t  seems t h a t  the 
value o f  Nc could be l a rge r  than the i so la ted  sphere value. O f  course, 
a lower l i m i t  i o  the sum K + Rb, i s  c e r t a i n l y  R i t s e l f .  Q Q 
3.4 Bubble-Cap-Sheath Re1 at ionships: 
3.4.1 Mass Trsrsfey: 
Equating mass r a t e  o f  gas i n  a t  the bubble cap, Eq. (3-32), t o  
the mass f low ou t  through the sheath, Eq. (3-20), permits the unknown 
x t o  be found i n  terms o f  x and the heat f low Q and bubble s i ze  zb. g b 9 9" 
This value i s  the s t a t i c  equ i l ib r ium value. 
A t  a nonequi l ibr ium s ta te  mb, may n o t  equal mSh i n  which case 
the bubble grows o r  shr inks a t  a r a t e  governed by 
where Pi i s  P * Pvb o r  Pb + P,. Using the l a t t e r ,  g b 
3.4.2 Heat T rans fe r :  
A t  an e q u i l i b r i u m  G r  quas i -equ i l  i br idm thermal s t a t e  Qbc - Qsh'  
and Eqs.  (3 -25 j  and (3-33) y i e l d  
i n  a  nonequ i l i b r i u rn  s t a t e ,  as t t?e bubble s h r i n k s ,  l a t e n t  hea t  i s  
d e l i v e r e d  t o  t h e  sheath w a l l  w i t h  t h e  r e s u l t  t h a t  
3.4.3 E q u i l i b r i u m  Excess Pressure: 
The va lue o f  Pb g i ven  by Eq. (3-22) which would e x i s t  i f  t h e  
bubble were i n  all e q u i l i b r i u m  c o r ~ d i  t i o n  i s  now denoted as t h e  excess 
pressure  Px. Eqs. (3-37) and (3-39) then may be s u b s t i t u t a d  t o  o b t a i n  
A t  e q u i l i b r i u m  Px here w i l l  equal  Pb i n  Eq. (3-16).  
3.5 Gas S t r i p p i n g  and Heat ing :  
3.5.1 A d i a b a t i c  S e c t i o n  Mass T rans fe r :  
Assume t h a t  t h e  mole f r a c t i o n  o f  gas i n  t h e  condensate l e a v i n g  
t h e  condenser i s  known t o  be x gc ' I n  two c a l c u l a t i o n s  u s i n g  t a e  GASPIPE 
program x,, war found t o  be on ....; order  o f  l o - *  d i v i ded  by Henry number 
H (sec t ion  2.2) .  Thus x  i s  expected t o  be q u i t e  small,  b u t  the  product  g  c  
C x nay be o f  Pv and i s  thus q u i t e  impor tant  when 2a/r. i s  o f  the 
QC a 
same order.  
As the 1 i q u i d  f lows up the evaporator some gas i s  s t r i pped  from 
i t  by the counter f lowing vapor. As remarked prev ious ly ,  because o f  t h z  
l a rge  value o f  H and the e q u a l i t y  o f  the bu lk  values o f  1 i q u i d  and 
vapor mole f rac t ions  a t  any a x i a l  s t a t i on ,  the vapor may be considered t o  
be pure f o r  purposes o f  ca l cu l  a t i n g  mass t r a n s f e r  from the  1 i qu id .  
Elementary mass exchanger theory then y i e l d s  f o r  the bu lk  value o f  
x (z) = x e t" ,m ? 9 9" gc - ;.)IL,~I Q* 
where Ntu i s  the number o f  t r a n s f e r  u n i t s  g iven by 
The o v e r a l l  mass t r a n s f e r  c o e f f i c i e n t  e f f e c t i v e  per imeter product  i; 
Because Hc J9' g r e a t l y  exceeds c, afi the l a s t  o r  "gas-side" term i s  9  9  
neg l i g i b l e .  For t h i s  reason K,P may be w r i t t e n  
Agaln, i f  6, i s  appreciable comparer t o  Ca, the c; I i ndr i  ca: she1 1 
re la t ionsh ip  i s  used f o r  the a r te ry  uiall resistance. 
3.5.2 Adiabatic Section Heat Transfer: 
The l i q u i d  leaves the condenser w i  ti1 an i n i t i a l  subcocjling 
A T ~ , S  . The GASPIPE program was used t c  estimate t h i s  s~bcoo l i ng ,  and 
valuc. o ?  a few degrees Rankine ware found. This subcooiing i s  very 
rap id l y  l o s t  when the a r t e r y  w a l i  i s  t h i n .  The remaining subcooling i s  
1  
-Ntv,h [!z~ - Z)/L,~] - 
T - T  - 
0) - A T t , ~  Q * 
where 
Because o f  the high heat t rans fer  ics?ii!cient fop condensation on the 
outside of the ar tery,  t+e l i q u i d  side governs the heat  t ransfer ,  and 
The same proviso regarding sa/Oa made a t ~ v e  i s  invqked. 
3.5.3 Evaporator Section ?lax Transfer: 
In the evaporator sdct lon the s!inpls Ntu re1 at ionship must be 
modified, because the mass f l o w  var izs w i t h  z ,  as l i q u i d  i s  b led  o f f  
tnroilgh the webs t o  the evaporator. For t h i s  reason ths  mass flow i s  
A t  any loca t ion  ze > z > zb i n  the l i q u i d  f i l l e d  sect ion of the evaporator 
ar tery ,  the conszrvation of gas equation takes che form (neglect ing the 
e f f e c t  o f  f low i n t o  the web on KO,) shown below: 
dz* 
The so lu t ion  t o  Eq. (3-49) i s  
3.5.4 Evaporator Sect ion Heat Transfer: 
By s i m i l a r  reasoning, the subcool i n g  i n  the evaporator i s  
3.6 Adiabatic Section Re1 at ionshi  ps: 
3.5.1 Objectives: 
I t  remains t o  se t  up re la t ionsh ips  f o r  pumping pore st ress and 
bubble pressure, should the bubble p ro jec t  i n t o  an adiabat ic sect ion. 
These re la t ionsh ips  w i l l  replace Eqs. (3-12) and (3-16) i n  the event 
t ha t  the bubble length does erceed the evaporator length. 
3.6.2 Pumpinq Pore Stress: 
Eqs. (3-1) and (3-2) continue i n  e f f e c t ,  bu t  Eq. (3-3) becomes 
Eq. (3-6) 1 ikewise changes form 
Eq. (3-9) becomes 
This l a t t e r  expression together w i t h  Eq. (3-2) gives the pumping pore 
st ress 
3.6.3 Bubble Pressure: 
The bubble press l re  difference Pb i s  given by Eqs. ( 3 1 )  (3-Z), 
and (3-54) 
Subs ti t u t i  ng i n  Eq . (3-57) resu l t s  i n  
3.7 C r i t i c a l  Deprimed Heat Flow: 
3.7.1 De f in i t i on :  
The c r i t i c a l  deprimed heat f low i s  the heat flow which i s  
s u f f i c i e n t l y  high so t h a t  some value o f  zb, between 0 and the value which 
ex i s t s  j u s t  a f t e r  formation of the a r te ry  sheath, gives r i s e  t o  a bubble 
which can e x i s t  s tead i ly .  A higher value o f  Q would cause tSd c r i t i c a l  
b u ~ b l e  t o  grow by increasing the t rans fer  o f  gas i n t o  ths bubble and by 
increasing the l i q u i d  f low pressure losses. The former increases Px 
given by Eq. (3-41 ) by increasing x given by Eq. (3-42) o r  (3-50). 
The 1 a t t e r  causes Pb, g iven by Eq. 9'" 3-1 6) o r  (3-59) t o  fa1 1 . 
The cr-i t i c a l  condi ti on i s  thus d e f i  ned by the re1 a t i on  
3.7.2 Method o f  Calculat ion: 
* 
The r a t i o  Px/Pb i s  ca lcu lated versus zb for  a t r i a l  value o f  
' * 
9. The quant i ty  Pb i s  obtained from Eq. (3-16). Eqs. (3-42) o r  (3-50) 
and (3-45) or (3-52) are used' to ob ta in  values o f  x and T - Tm needed g '= 
for Eq. (3-41 ). The computation i s  stopped a t  z = z, o r  a t  the p o i n t  
when Eq. (3-12) f o r  the pumping pore s t ress  shows back up w ick ing  d ry  
ou t .  If the maximtim value o f  P,/Pb i s  g rea te r  than un i  t y  a smal ler  
* 
value o f  Q i s  t r l e d  and v i ce  versa. 
3.7.3 Sample C a .  . --...-.- c , .~ la t ions :  -  
Sample cal  cu! a t ions  were made f o r  se lected parameters t a b ~ l  ated 
i n  Table 3-1 . The r e s u l t s  are shown graphed i n  Figure 3-1 . The sample 
ca l cu la t i ons  c l e a r l y  show the bene f i c i a l  e f f e c t s  o f  t h i n  a r t e r y  ha1 1 
and long  ad iaba t i c  l eng th  f o r  ach iev ing a h i gh  value o f  c r i t i c a l  deprimed 
heat  f low. 
3.8 Conclusions: 
Analysis and ca1cu;ations show conc lus ive ly  t h a t  a  t h i n  a r t e r y  
w a l l  and an ad iaba t i c  sec t ion  f o r  gas s t r i p p i n g  are h i g h l y  dez i rab le .  
Even w i t h  such features,  however, t he  maximum heat l o a d  which can be 
sustained dur ing r e ~ r i m i n g  was found t o  be on ly  about a  t en th  o f  t he  
load which could be de l i ve red  by an open a r t e r y .  Since t h i s  open 
a r t e r y  capaci ty  i s  presumably on ly  a  small f r a c t i o n  o f  t he  design 
capaci ty , the  load which can be sustained dur ing  rep r im i  ng i s  very 
small i ndeed , 
A l oad  i n  excess o f  the  repr iming l oad  b u t  smal ler  than the  open 
a r t e r y  capaci ty  w i l l  no t  cause f a i l u r e  of  the p i pe  (burnout) ,  b u t  w i l l  
a l so  n o t  a l low the  a r t e r y  t o  reprime. A pe r i od i c  des t ruc t i on  and r e -  
forming o f  the  a r t e r y  sheath w i l l  occur. On the o the r  hand, the absence 
of any load w i l l  a l so  impede p r im ing  because, d t  equ i l i b r ium,  the 
vapor core i n  the evaporator w i l l  n o t  be swept o f  gas, and there w i l l  
e x i s t  very l i t t l e  di f fusior,  p o t e n t i a l  f o r  the  gas t o  escape the a r t e r y .  
Thus, the  r e s u l t s  j nd i ca te  t ha t ,  t o  prime an a r t e r y  i n  a  gas- 
loaded heat p i pe  which conta ins a gas s t a b i l i z e d  bubble, i t  i s  necessary 
t o  operate the heat  p ipe a t  a l oad  s u f f i c i e n t  t c  sweep the  gas from the  
evaporator b u t  below the  c r i  t i c a l  repr im ing  value. Unfor tunate ly ,  the  




























































































































































































































































































































































































































































































































































































































































































































































































I ADIABATIC OPEN LENGTH ARTERY 
POWER 
8 10 12 14 16 
ARTERY WALL THICKNESS , 
THOUSANOTHS OF INCHES 
FIGURE 3-1. Calculated Values o f  Maximum Re-priming Load f o r  an Artery 
Containing a Gas - Stabi l i zed  Vapor Bubble vs, Artery Wall 
Thickness and Length o f  th? Adiabatic Section. 
t o  analyt ical  l y  evaluate the p r a c t i c a l i t y  o f  t h i s  approach. Some 
experimental resu? t s  obtai  ned a t  TRW Systems Group on ammoni a-he1 i urn 
heat pipes have shown t h a t  very low l ~ a d s  (2-4 watts) for extended 
periods (1 6 hours) were necessary to  successful l y  achieve primi rg . 
4.0 SCALING LAWS FOR ACCELERATED L!FE T tST ING 
With the heat p ipe  r a p i d l y  becoming a ser ioas design element i n  
the s o l u t i o n  o f  many spacecraf t  thermal con t ro l  problems, the re  e x i s t s  
a major impetus f o r  understanding the  mechanisms and developing scal  i n g  
laws fw l i f e  1 i m i  t i n g  processes. A need f o r  ach iev ing very long  1 i v e d  
h igh  r e l i a b i l i t y  heat p i pe  systers  i n  a r a p i d l y  changing technology 
necess i ta tes the employment o f  acce lerated t e s t i  r ~ g  techniques. 
Wi th in  the  realm o f  sgacecraf t  temperature con t ro l  devices, 
p o t e n t i a l  f a i l u r e  processes i n d  c r i t e r i a  can be de f ined .  E f f o r t s  on 
t h i s  task  ha le  d i r e c t l y  addressed t he  demonstration t h a t  quant i  t a t i  ve 
re1 a t i ons  can be es tab l  ished between a 1 i f e  1 i m i  t i n g  process and s p e c i f i c  
ma te r i a l s  compati b i  1 i t y  , t e s t  temperature, and heat  t r anspo r t  r a t e .  
I n  cons ider ing the  general problem o f  devel up i  ng sca l  i ng 1 aws 
f o r  acce lerated 1 i f e  t es t i ng ,  TKd Systems de f ined  a broad program and 
approach which invo lved  mu? t i c ;  e mater i  a1 s systems, extens ive mater i  a1 
tes ts ,  and a several  year  t ime phased e f f o r t .  Because o f  fund ing 
1 im i t a t i ons ,  t h e  present  task was o f  reduced scope, b u t  d i d  n o t  obv ia te  
any o f  the concepts inc luded  i n  t he  broader program. Rather, t h i s  task 
represented a f e a s i b i  1 i t y  study t o  determine the  ex ten t  t o  which a 
sca l i ng  law migh t  be developed f o r  acce lerated l i f e  t e s t i n g  i n  a s p e c i f i c  
heat  p i pe  system. I f  a successful  s ca l i ng  law could  be es tab l i shed  
f o r  a s p e c i f i c  system, i t  might  p rov ide  j u s t i  f i c i i ~ i o n  f o r  under tak ing 
the broader program which would i nc l ude  a1 1 ma te r i a l s  combinations o f  
i n t e r e s t  i n  spacecra f t  thermal con t ro l  and a1 1 1 i f e  1 i m i  ti ng processes. 
Nicke l -water  heat pipes were se lec ted  f o r  study f o r  a numbv o f  
reasons: (1 )  i t  was o f  i n t e r e s t  t o  accura te ly  s tudy hydrogen gas e v o l u t i o n  
which occurs dur ing  co r ros ion  w i t h i r  t he  heat  pipe, and which occurs i n  o the r  
mate r ia l s  systems w i t h  poss ib le  impor tant  heat  p i pe  app l i ca t i ons  as w e l l ;  
( 2 )  pas t  experience showed t h i s  couple e x h i b i t e d  a h i gh  er,ough co r ros i on  
r a t e  t o  permi t  experimental study o f  gas generat ion i n  a reasonable t ime  
per iod;  (3)  the  s i m p l i c i t y  o f  s tudy ing a system cons i s t i ng  o f  pure (un- 
a l loyed)  mate r ia l s ;  and (4 )  t he  comerc i a1  a v a i l a b i l i t y  o f  t he  ma te r i a l s .  
Ac tua l l y ,  N i  200 was se lec ted  because f i n e  screen was a v a i l a b l e  up t o  
250 mesh, which was des i rab le  fo r  t he  study of wick degradat ioc.  However, 
i t  was found t h a t  i n  o rder  t o  comprehensively examine t h e  more impor tan t  
e f f e c t  o f  hydrogen evo lu t i on  i n  de ta i  1, wick degrddat ior~ c o u l d  no t  be 
inc luded i n  the  program. Thus, a h igher  p u r i t y  grade o f  n i c k e l  cou1 d 
have been employed, b u t  t h i s  was n o t  an impor tan t  cons iderat ion.  
The pr imary o b j e c t i v e  was t o  iorraulirte Ciii accurate sca l i ng  law 
f o r  the s p x i f i c  example o f  the  water -n icke l  heat  p ipe  which p r e d i c t s  
the useable 1 i f e t i m e  a t  re ference ( low)  opera t ing  cond i t i ons  from data 
taken a t  acce lerated (h igh)  opera t ing  condi t ions.  I t  i s  emphasized t h a t  
t h i s  task was n o t  concsrned w i t h  ach iev ing a water -n i  ckel  compati b i l  i t y  
s o l c t i o n  . However, i t  was necessary t o  ma in ta in  s u f f i c i e n t  con t ro l  over 
the s t a r t i n g  mater i  a1 s and f a b r i c a t i o n  techniques t o  31 low the  separat ion 
o f  temperature and f l u i d  c i r c u l a t i o n  e f f e c t s .  
Accelerated Test ing:  
4.1 .I Heat Pipe Ma te r i a l s  and Const ruct ion 
A t o t a l  o f  16 heat  pipes were const ructed from n i cke l  200 ma te r i a l s  
f o r  the experimental phase of t h i s  ps*ogram. Containers were 17.5" i n  
l eng th  w i t h  112" OD and 0.035" wa l l s .  Two l aye rs  o f  250 mesh screen 
were i n s t a l l e d  and the end caps and c losure tubes were machined from 
1/2" and 1/4" diameter rods, r espec t i ve l y .  Care was taken t o  ensure 
t h a t  a l l  the heat  p ipes were as nearly the same as poss ib le  i n  terms of 
mater i  a1 s and cons t ruc t ion  procedures. A1 1 conta iners  were const ructed 
from n i c k e l  200 tube of  the same heat number and the  same was t r u e  o f  
tha screen and rods from which the erid caps and p i nch -o f f  tubes we7.e 
constructed. E f f o r t s  were made du r i ng  weld ing t o  use the same temperature 
and complete the weld i n  the  same l e n g t h  o f  t ime f o r  each heat  pipe. 
A schematic diagram o f  the  heat  p ipes subjected t o  acce lerated t e s t i n g  
i s  shown i n  Figure 4-1, 
I n  order  t o  remove the  oxide. f i l m  produced du r i ng  TIG weld ing 
on the i o t e r n a l  surfaces o f  the  hea t  pipes, a1 l 16 heat  p ipes were 
baked o u t  i n  vacuum f o r  2 hours and 26 minutes a t  700°C and then re -  
duced i n  hydrogen f o r  30 mlnutes a t  732°C. A t e s t  specimen subjected 

t o  t h i s  reduc t ion  procedure showed no oxide f i l m  remaining on i n t e r n a l  
surfaces a f t e r  processin!. A f te r  vacuum bake-out and reduc t ion  i n  hydro- 
gen, the heat pipes were s tored w i t h  p l a s t i c  caps over the f i l l  cubes. 
The heat pipes were f i l l e d  w i t h  2.0 m l  o f  t r i p l y  d i s t i l l e d  and degassed 
water j u s t  p r i o r  t o  the i n i  t i a t i o n  o f  i .est i  ng . Chrome1 /a1 umel thermo- 
couples were spot-welded t o  the ou ts ide  o f  the  heat  pipes and 2" long 
w i  rr wound res is tance  heaters were i n s t a l l e d  on the evaporatcr  sect ions 
p r i o r  t o  f i l l  ing.  Aerotube p i pe  i n s u l a t i n g  mate r ia l  was i n s t a l  l e d  t o  
a1 low f ou r  d? f f e r e n t  coi-denser lengths L which permi t ted  opera t ing  
c ' 
w i t h  d i f f e r e n t  f l ow   rat^ a a t  the same temperature and v i ce  versa. 
4.1 .? Measurement o f  Noncondensi b l e  Gas Evo lu t ion  
As gas i s  evolved dur ing  opera t ion  o f  a  heat pipe, i t  i s  c a r r i e d  
t o  the condenser end causing a blockage and consequent temperature pro-  
f i l e  along the ou te r  wal: . Assuning i dea l  gas behavior,  the amount c f  
gas present may be ca lcu la ted  from the temperature p r o f i l e .  I f  the con- 
denser end i s  d i v i ded  i n t o  equal i n t e r v a l s  and the  temperature a t  the 
center  o f  each i n t e r v a l  i s  Ti, then under s teady-s ta te  cond i t i ons  the 
number o f  1 b.-moles o f  gas n i s  g iven by the i dea l  gas 1 avr as: 
I n  4 1 ,  A V  i s  the voll!mr o f  each i n t e r v a l  , Ru i s  the  gas constant,  
and 
i s  the p a r t i a l  prcssure o f  gas a t  che center o f  the t t h  i n t e r r a l .  I n  
(4-Z) ,  P,, i s  the t o t a l  pressure ( t h e  vapor pressure corresponding t o  
the  temperature i n  the ad iaba t i c  sec t ion )  and P Y j  i s  the vapor pressure 
i n  the ith i n t e r v a l .  
A data reduc t ion  computer program was used t o  determine tho 
quan t i t y  o f  gas i n  a heat p ipe  a t  any g iven t i n e  from the  measured 
s teady-s ta te  wa l l  temperature p r o f i l e .  This method i s  based on the 
assumption tr;at t h e  : ~ i c k  su r face  temperature,  and hence t h e  vapor-gas 
11ii : tu re ,  i s  very c l o s e  t o  t h e  w a l l  temperature i n  t h e  gas b locked reg ia t l  
o f  t h e  covJenser.  Th is   s sump ti on has been found t o  be v a l '  through 
c a l c u l a t i o n s  w i t h  t t  e TRW Gaspipe Program [I 11. 
I n  p r a c t i c e ,  each p i p e  wds d i v i d e d  i n t o  314" ~ l e m e n t s  w i t h  a 
chrome1 -a1 crmel thernlocoupl e p laced  i n  t h e  c e n t e r  o f  each i n t e r v a l  . The 
thermocouple temperature r e a d i  ngs were punched d i  rec  t l y  i n t o  t i le  
computer program, ~ ~ h i c h  automat i  c a l  l y  c a r r i e d  o u t  t h e  ope ra t i ons  i n -  
d i c a t e d  by equat ions  ( 4 - 2 )  and (4-1) ,  and p r i n t e d  a u t  t h e  t o t a l  number 
o f  1b.-moles o f  gas i n  t h e  p i p e .  T r i a l  c a l c u l a t i o n s  i n d i c a t e d  +hdt  t h e  
d iscrepancy between u s i n g  a 0.5" e lement and a 1 .O" element wds l e s s  
than one pe rcen t .  
4.1 . 3  Acce le ra ted  Tes t i  na Condi ti ons 
I t  was assunled, based on p rev ious  s t u d i e s  o f  water  hea t  p ipes  
[12, 131, t r l a t  t ne  gas genera t i on  r a t e  would be a s t r o n g  f u n c t i o n  o f  
the  o p e r a t i  ng ( vapo r )  temperature.  For  t h i  s  reason a cons tan t  t evpe ra tu re ,  
c o n t r o l l e d  f l o w  chamber, i n  which a l l  l i f e  t e s t i n g  and a c c e l e r a t e d  
t e s t i n g  o f  heat  p ipes  i n  t h i s  program were c a r r i e d  o u t ,  was designed 
and b u i l t .  Tne chamber i s  shown s c h e m a t i c a l l y  i n  F i g u r e  4-2. A boxer 
f an  blows a i r  i n t o  a h e a t i n g  chamber and then th rough m i x i n g  b a f f l e s  
i n t o  a plenum reg ion .  The a i r  then f l o w s  th rough a 200 mesh l a y e r  o f  
screen  an^ a 1 "  t h i ckness  o f  1/8" c e l l  honey-gmb t o  u n i f o r m l y  d i s t r i b u t t  
and s t r a i g h t e n  the  f l o w  i n t o  t h e  t e s t  r e g i o n .  The t e s t  r e g i o n  i s  covered 
w i t h  a spun g lass  cover  t o  e l i n l . n a t e  d r a f t s  f rom t h e  env i ronqen t .  I n  
a d d i t i o n ,  t he  e n t i r e  chanber i s  i n s u l a t e d  w i t h  1" o f  u re thane foam t o  
f u r t h e r  m-'nimi ze env i  ror lmental e f f e c t s .  The temperature o f  t h e  a i r  
e n t e r i n g  .:he t e s t  r e g i c : ~  i s  ma in ta ined  cons tan t  a t  80°F by modu la t i ng  
t h e  h e a t e r  (1  i g h t  bu l  b s )  power trll'cugh a p r o p o r t i o n a l  c o n t r o l  1 e r  u s i n g  
a re fe rence  thermocouple. I n  t h e  course o f  t h e  program, t h e  chamber 
demonstrated s e t  p o i n t  c o n t r o l  o f  approx imate ly  + - 0.5OF, and was un- 
a f f e c t e d  oy con~1ect.i ve a i r  c? r~ . ren ts  i n  t he  room. However, 1 abo ra to ry  
temperature changes o f  - + 3"F, wh ich  occu r red  o c c a s i o n a i l y ,  were found 
t o  r e s u l  t i n  changes i n  t h e  chamber tcmperatuf3e o f  - t 1 OF. Thus, t h e  
FIGURE 4-2, Schematic of Accelerated L i f e  Test  Cha3ber. 
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chamber was e f f e c t i v e  i n  reducing ambient t e m p e r a t ~ r e  var i a t i o n s  , b u t  
d i d  no t  e n t i r e l y  e l im ina te  them. The t e s t  r eg ion  conta ins three racks 
a t  d i f f e r e n t  l e v e l s  t o  ho ld  the heat  pipes. 
The accelerated t e s t i n g  phase o f  the program was begun by oper- 
a t i n g  three heat pipes a t  te!.iperatures o f  approximately ! 50°F, i5O9F, 
and 350°F This i n i t i a l  t e s t i n g  stage was c a r r i e d  o u t  i n  o rder  t o  
determine approximately the  t ime ar,d temperat l~re dependents o f  t h e  gas 
generat ion f unc t i on  i n  order  t o  draw up a d e t a i l e d  t e s t  p lan.  Gas 
generat ion curves f o r  two o f  these heat pipes opera t ing  a t  decelerated 
temperatlrres o f  approx i~nate ly  150°F and 250°F a re  shown i n  I-Sgures 4 - 3  
and 4-4. These data were taken dur ing  the  i n i t i a l  t e s t i n g  pe r i od  o f  tns 
program and the temperature was n o t  w e l l  con t ro l l ed ,  as the  s c a t t e r  i n  
the data ind ica tes .  The curves are shown on l y  t o  i n d i c a t e  the s t rong  
temperature dependence. The apparent parabo l i c  behavior was no t  found 
w i t h  nlore accurate data taken ? a t e r  i n  tne program. 
Based oq :hese i n i t i a l  r e s u l t s ,  a  t e s t  p l a n  was drawn up t o  
begin l i f e  t e s t i n g  o f  three re ference cond i t i on  heat pipes and f i v e  
acsel era ted cond i t i on  heat p ipes he1 d a t  h igher  temperatures. The 
three r e f e r m c e  cond i t i on  heat pipes were s e t  opera t ing  i n  t he  80.0 + 
- 
0.5OF constant  temperature chamber i n  a  s l i g h t  r e f l u x  mode a t  85.0 + - 
0.5"F and 0.42 watts.  
The f i v e  acce lerated c o n d i t i o n  heat pipes were he ld  a t  constant  
temperatures o f  135"F, 150°F, 1651°F~ 180°F, and 195°F ( i  sotherma: l y )  
w i t h  zero f l o w  r a t e .  These isothermal he, r; pipes were he ld  t o  w i t h i n  
+ C.5"F o f  the i nd i ca ted  temperatures by completely wrappifig the oipes 
- 
w i  t h  heat  tape and conver i  ng w i  t h  two l aye rs  of i n s u l a t i o n .  The ten-  
perature d i f f e r e n c e  betweer any two po in t s  on a heat  p i pe  was less  than 
@.5OF. Thus, the  f l u i d  f l o w  r a t e  i n  the isothermal heat  pipes were 
e s s e n t i a l l y  ze!.r!. The on l y  t ime f l u i d  f l ow  occurred wds dur ing  the  
approximately one hour per iods when the  heat  p ipes were operated a t  
100°F, as heat pipes, f o r  the  purpose of measuring the  t e m p e r a t ~ r e  pro-  
f i l e s .  I n  o rder  t o  measure t he  amount o f  gas generated by h i gh  tem- 
pera tu re  exposure, the  heat  p i  pes mai n t a i  ned under i so thermal condi t i  ~ n s  
were taken o u t  o f  t he  ccns tan t  temperature chamber temporar i l y  f o r  
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FIGURE 4-3. Gas evolution i n  nickel-water haat pipe #3 
operated a t  accelerated condition a t  150 - 
3 O F .  The step i n  the curve may have resul ted 
f r o m  an unrecorded temperature increase. 
EXPOSURE TIME (HPS.  ) 7.1- 7- ,I 
FIGURE 4-4. Gaz evolution i n  nickel-water hoat pipe #2 
operated a t  accelerated condition between 
259'F and 280°F. Data scatter  i s  probably 
due pr imar i ly  to  var ia t ion  i n  temperature. 
removal o f  the heat  tape dnd placed back i n  the  chamber and operated as 
heat pipes f o r  the purpose o f  record ing  the  temperature p r o f i  1 es . A f t e r  
record i  ng the  temperature p r o f i !  es , these heat pipes were removed from 
the chamber, wrapped w i t h  heat thpe again, and placed i n  the  chamber f o r  
f u r t h e r  h jgh  temperature exposure. 
Accelerated t e s t i n g  under isothermal cond i t i ons  was c a r r i e d  o u t  
f o r  a nvmber o f  reasons. When operated as a heat p i ? e  ( w i t h  f l u i d  f low) 
the  gas generated i n  a p i pe  b u i l d s  up as a func t ion  o f  t i r e  and the 
consequent change i r  the temperature p r o f i l e  a t  the condenser means t h a t  
the vapor temperature i n  t he  ad iaba t i c  sec t i on  can be he ld  constant  o ~ l y  
i f  the power i s  cont inuous ly  decreased o r  more condenser l eng th  i s  con- 
t i nuobs l y  uncovered. The f i r s t  method requ i res  a temperature c o n t r o l l e r  
f o r  each heat p i pe  f o r  good accuracy and a l lows the  f l ow  r a t e  t o  de- 
crease, wh i l e  the second would r e q u i r e  a g rea t  amount o f  t ime i n  main- 
tenance i f  the i n s u l a t i o n  were moved by hand. I t  was des i red  t o  s tudy 
the temperature dependence w i  t h  these heat pipes , i ndependent o f  the  
f l o w  r a t e .  Thus, i t  was decided t o  t e s t  under isothermal cond i t i ons  
( w i t h  zero f l ow  r a t e )  and i t  was found poss ib le  t o  ho ld  t he  temperatures 
almost p r e c i s e l y  constant  over an extended (1290 hours) pe r i od  us ing  
on l y  the  temperature c o n t r o l l e r  on t he  chamber. 
Contrary t o  expectat ions , a s t rong  temperature dependence d i d  
no t  appear w i t h  the f i v e  heat  pipes he ld  a t  acce lerated temperatures o f  
135"F, 150°F, 16!i°F, 180°F, and 195°F under isothermal (ze ro  f l o w  r a t e )  
cond i t i ons ,  as shown i n  F igure 3-5. A i  t h  these heat pipes the  general 
behavior appears t o  be i n i t i a l  ( poss i b l y  parabol i c)  passi  va t ion ,  b u t  
a t  much reduced ra tes  corn~ared t o  heat  p ipes operated w i t h  non-zero 
f low,  The 150°F data o f  F igure 4-3 (hea t  p i p e  mode) i s  reproduced i n  
F igure 3-5 f o r  comparison. I +  thus appears t h a t  the f l o w  r a t e  i s  an 
impor tant  va r i ab l e  i c  gas gene r t t i on  i n  n icke l -wa te r  heat  pipes. 
The gas generat ion i n  the  th ree  re ference co . icns heat  p ipes 
i s  shown as a f unc t i on  o f  t ime i n  F igure 4-6. P s  C! . - s ~ ?  above, the  
amount o f  gas was ca l cu l a ted  from the  temperature pro!'i?e W I  _n a computer 
program based on ides1 gas behavior. The s c a t t e r  i n  t n e  data nay 
result from the  f a c t  t h a t  the r esb l  t s  o f  the computer program a re  q u i t e  


s e n s i t i v e  t o  small v a r i a t i o n s  i n  the thermocouple readings, p a r t i c u l a r l y  
f o r  small amounts o f  gas (1 0 x  1 0 - l o  1  b. -mole range).  These heat p i  pes 
were operated a t  85.0 - + 0.5"F f o r  1150 hours, except f o r  two b r i e f  
per iods ( o f  approximately 2 hours) a t  97OF. Wi th in  the  s c a t t e r  o f  the 
data, on ly  a  l i n e a r  t ime dependence can be dssumed. q u f f i c i e n t  accuracy 
was n o t  obta ined t o  determine an i n i t i a l  pe r i od  o f  pa rabo l i c  pass iva t ion .  
A f t e r  11 50 hours a t  85"F, the temperature was i nc re i sed  t o  97'F i n  o rder  
t o  improve the  accuracy o f  the  gas measurements. A r a p i d  increase i n  
gas was noted beyovd t h i s  p o i n t  up t o  the  t o t a l  1600 hours exposure 
i n d i c a t i n g  a  change i n  the  co r ros ion  behavior.  
Having d e t e m i  ned t h a t  the  f l ow  r a t e  i s  an impor tan t  va r i ab l e  i n  
gas generat ion i n  n icke l -water  heat  pipes, i n  t h a t  the gas e v o l u t i o n  
r a t e  i s  very low w i t h  zera f l o w  ra te ,  b u t  h i gh  a t  the  same temperature 
when t he  heat p ipes a re  operated normal ly  w i t h  f l u i d  f l ow,  i t  was decided 
t o  c a r r y  o u t  acct  o r3 ted  t e s t i n g  w i t h  con t ro l l ed ,  non-zers f l u j d  flab;. 
i n  o rder  t o  examine t pe  f l ow  r a t e  dependence together  w i t h  the temperature 
dependence, e i g h t  heat  p ipes were operated a t  acce lerated cond i t i ons  up 
t o  188 hours. The heat pipes employed i n  t h i s  phase o f  t he  program were 
the f i v e  t es ted  p rev i ous l y  w i t h  zero f l o w  and t he  th ree  re ference con- 
d i  t i o n s  heat pipes ( f rom which s u f f i c i e n t  re ference cond i t i ons  data had 
been co l l ec ted ) .  A l l  these heat  p ipes contained o n l y  a  smal l  amount o f  
gas as a  r e s u l t  o f  previot is t e s t i n g .  New hez t  pipes were no t  employed 
i n  t h i s  phase o f  t he  program, p r i m a r i l y  because the  a v a i l a b l e  fund ing 
was n o t  s u f f i c i e n t  t o  cover t he  ins t rumenta t ion  and processing costs .  
I t  was i n i t i a l l y  in tended t o  operate one s e t  o f  f o u r  heat  p ipes a t  the 
same f l ow  r a t e  and d i f f e r e n t  temperatures and a second s e t  o f  f o u r  a t  
the same tell~pi.rature and d i f f e r e n t  f l o w  ra tes .  These cond i t i ons  cculd 
n o t  be met exac t l y  i n  p r a c t i c e .  A f t e r  e s t a b l i s h i n g  the  acce lerated 
t e s t i n g  cond i t i ons  f o r  each heat  p ipe,  t he  power was reduced as gas was 
generated as a  f u n c t i o n  o f  t ime i n  o rder  t o  ho ld  t he  temperature constant  
throughout the  t e s t i n g  per iod.  Th is  was done because i t  was f e l t  t h a t  
the temperature dependence would be s t ronger  than t he  f l o w  r a t e  depen- 
dence, as was found t o  be the  case. The heat  p ipes were operated under 
the  f o l l  owi ng acce lerated cond i t i ons  , where t he  power l e v e l s  i n paren- 
thesis  are the i n i t i a l  and f i n a l  values, respect ive ly :  177°F (9.0 - 
8.1 watts),  163°F (6.3 - 5.2 wat ts) ,  153°F (6.0 - 4.9 wat ts) ,  152°F 
(6.7 - 6.1 wat ts) ,  15Z°F (5.7 - 5.0 wat ts) ,  152°F (6.4 - 5.8 wat ts ) ,  
152°F (5 .4  - 4.4 wat ts) ,  and 151°F (6.0 - 5.6 wat ts) .  The r e s u l t s  2 f  
these measurements are shown i n  Figures 4-7, 4-8, and 4-9. I n  a l l  cases 
the t i v e  dependence appears to  be l i n e a r  w i th in  the accuracy o f  the 
data obtainsd. Beyond 100 hours o f  exposure the data may begin to  be o f  
reduced accuracy because the area exposed t o  the indicated temperature 
becomes reduced as gas bui 1 ds up i n  the condenser. The resul ti ng re-  
duct ion i n  gas generation as the temperature f a l l s  along t h e  condenser 
could be taken i n t o  account by an i t e r a t i v e  method but  the accuracy o f  
the data does not  appear t o  warrant such a treatment. For t h i s  r?ason, 
the curves were drawn w i t h  emphasis on the i n t e r v a l  below !OO hcurs o f  
exposure. D i  spl  acements i n a number o f  the curves apparently resul ted  
from unrecorded i ncreases o r  decreases i n  the temperature. 
4.2 Phenomenological Corrosion Model and Analysis: 
Phenomenological Model 
A phenomenological model o f  heat p ipe degradation i n  the n i cke l  - 
water system was developed which incorporates c c r r o s i e ~  and ox ida t ion  
theory and contains parh~neters wh'ch may be determined by experiment. 
T h i s  model i s  based on the concept o f  ex t rapo la t ion  from accelerated 
condit ions t o  p r e d i c t  behavior a t  reference (normal ) condit ions. I t  
i s  thus e x p l i c i t l y  assumed t h a t  the chemical and physical mechanisms 
responsi b l  e f o r  heat pipe degradation a t  accelerated condi t ions are 
the same i n  nature a t  the reference condi t iuns.  I n  t h i s  p re l  iminary 
formulation only  non-condensible gas generation has been considered. 
E f fec ts  o f  wick degradation, which were expected t o  be of l e a s  importance 
i n  t h i s  system, were not  t rsa ted  because the accelerated t e s t i n g  phase 
d i d  no t  leave s u f f i c i e n t  funding f o r  t h i s  add i t iona l  a c t i v i t y .  
I t  i s  known t h a t  a clean n icke l  surface corrodes uni formly a t  
a l i n e a r  r a t e  (0.001 mpy) a f t e r  long dura t ion  exposure t o  a i s t i l l e d  
water a t  room temperature [14!. The i n i t i a l  behavior o f  n i cke l  i n  water 
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FIGURE 4-8. Gas evolution i n  accelerated condition: 
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has t o  our  knowledge n o t  been s tud ied  i n  d e t a i l .  Assuming c le?n,  un- 
passivated n i cke l  surfaces ill the  heat p ipes,  co r ros ion  w i l l  occur a t  
a l l  n i c k e l  surfaces under the i c f l uence  o f  mobi le,  l o c a l  co r ros ion  c e l l s .  
A t  each c e l l  n i c ke l  ox ide  and/or n i cke l  hydroxide w i l l  be generated a t  
the anode [ i5 ] ,  and hydrogen gas a t  the  cathode [16], according t o  the  
reac t ions  : 
For each molecule o f  n i c k e l  o x i d a t i o n  product  one mclecule o f  hydrogen 
gas i s  evolved. Since the  long du ra t i on  co r ros ion  r a t e  o f  n i c k e l  i s  
very small a t  room temperature, a  p r o t e c t i v e  f i l m  o f  t he  o x i d a t i o n  
co r ros ion  products must be formed dur ing  t he  i n i t i a l  exposure. I t  
appears l i k e l y  t h a t  the filn! w i l l  grow by m ig ra t i on  o f  ~ i "  ions  toward 
the  f i lm-wate r  i n t e r f ace  and by Om- i ons  toward the  n i c k e l  - f i l m  i n t e r -  
tace under t he  i n f l uence  o f  t he  electrical p a t ~ t i 3 1  es tab l  ishod across 
the  f i l m  i n  the  e lect rochemica l  c e l l .  Assuming a  constant  p o t e n t i a l  , 
ox ida t i on  theory p r e d i c t s  pass i va t i ng  f i l m  growth w i l l  occur a t  a  para- 
b o l i c  r a t e  [17]. Hydrogen e v o l u t i o n  w i l l  thus have the  same t ime de- 
pendence, g i  v i  ng : 
where n  i s  t l i e  fiumber o f  1 b. -mcles o f  hydrogen, t i s  t he  t ime, and F (T)  
i s  some f u n c t i o n  o f  the  temperature T. T i i is  r e l a t i o n s h i p  !.as been found 
t o  descr ibe hydrogzn e v o l u t i o n  f rom s tee l  i n  b o i l i n g  water [ la],  b u t  i s  
n o t  common t o  tLe  ( l o n g  dura t ion )  co r ros ion  o f  metals genera l ly .  Over 
l ong  per iods cf t ime, un i fo rm co r ros i on  w i t h  a  1  i nea r  t ime dependence 
occurs more colrmonly. Thus, a f t e r  the  i n i t i a l  pass iva t ion  t h e  hydrogen 
e v o l u t i c n  may be expected to  obey: 
n  (t,T) = F (T) t 
The f unc t i on  F (T )  may be determined e m p i r i c a l l y  i f  necessary by 
measuring the hydrogen evol  u t i c n  a t  a se r ies  o f  tmpe ra tu res  and p l o t t i n g  
n vs. ta f o r  each temperature, where a = 112 f o r  i n i t i a l  pass iva t ion  
5 n and a = 1 f o r  long-term uni form cor ros ion .  The slope - = F (I;, 6Y 
y = ta o f  each temperature curve g e ~ e r a t e s  the  f u n c t i c n  F ( T ) .  However, 
from the mechanisms o f  f i l m  growth assumed i n  the  model, m ig ra t i ng  ions  
w i l l  experience an a c t i v a t i o n  energy Q i n  moving from one i n t e r s t i t i s 1  
s i t e  t o  the nex t  [I 71. I n  t 5 i s  case the  temperature depe~~ ience  w i l l  J C -  
have as e -Q1kT , where k i s  Bol ',zmannls constant , g ; v i  ng: 
where B i s  a p r o p c r t i o n a l i t j l  constant .  I h i s  i s  thC . a!abionship found 
w i t h  the  o x i d a t i m  o f  many ~ n e t a l s ,  which i s  e s r e n t i  i y  the  model 
assumed here. Fro9 a p l o t  o f  1nF v:. 1 /T,  ? and O mav be d e t e r ~ ~ i n e d .  
Having determined these parameters by measuring the gas e v o l u t i o n  a t  
accelerated c o r d i t i o n s  the gas e v o l u t i c n  a t  any t ime may be ca lcu la teC 
f o r  heat p ipes operated a t  re ference cond i t i ons  from: 
a = l j 3  ( i n i t i a l  pass iva t ion )  
a = 1 ( long-term, un i fo rm sor ros ion)  
Th is  model i s  incomplete i n  c e r t a i n  respects and migh t  be deve- 
loped f u r t h e r  i n  a mor2 extens ive study. I t  ignores a number o f  mech- 
anisms and e f f e c t s  which m igh t  be inc luded  i n  a more complete model. 
Four o f  the more impor tan t  e f f e c t s  mad be: 
1. The cor ros ion  r a t e  o f  many metals i s  increased when 
f l u i d  f lows over t h e  sur face as opposed t o  a stagnant 
s i t u a t i o n ,  i n  which case t he  heat  t r anspo r t  r a t e  must 
be taken i n t o  account.. I t  i s  shown below t h a t  the  f l ow 
r a t e  depe:~dence i s  i n  t h e  form o f  a threshold .  
2. As gas i s  generated and c o l l ~ c t s  a t  the condenser 
end of a he.: p ipe,  the temperature o f  the a f f ec ted  
'evg th  w i l l  drop, r e d x i n g  t he  area o f  h i gh  tem- 
perature gac generat ion.  Th is  e f f e c t  wds p a r t l j  
accaunted f o r  by more heavi l y  weighing the e a r l y  
data as discussed i n  Sect ion 4.1.3. 
3 .  Hydrogen gas i n  s o l u t i o n  has been repdr ted  t o  
reduce the corrclsidl l  (-ate 3 f  ~ i c k e l  i n  water [19]. 
I n  t h i s  case, the  ' I I ~  t i a l  gas evolut iorr  r a t e  would 
be l ess  than parabo l i c .  
4. hc e f f o r t s  wer; made t o  es tab1 i s h  the  parameters 
con t ro l 1  i n g  the  p ropor t iona l  i t y  constant  - 0 .  
F e t r i c k  j'13] suggests t h a t  t he  sur face area o f  
the heat  p i pe  compol\ents (;.la11 a7d wick)  wetted 
by the l i q u i d  r e p r e s m t s  or,e such parameter, 
4.2.2 Analysis and P r e d i c t i o n  o f  Reference Co?di t i o n  
Gas Evo lu t ion  Rate - -- 
Except f o r  the case o f  the i n i t i a l  e x p o ~ d r e  c f  the isothermal  
(zero f l ow)  heat pipes, the  data obeys a 1 i  near t ime dependence 
corresponaing t o  un i fo rm corros ion,  as shown i n  Figures 4-6 - 4-9. 
The data dur ing  i n i  t i a i  exposure i n  the  10 x lo- "  l b  .-mole range was 
n o t  o f  s u f f i c i e n t  accuracy t o  a l l ow  i e e n t i f i c a t i o n  ~f i n i t i a l  pass i -  
an 
 vatic:^. P l o t t i n g  l o g  Vi. 1/T resu i  t s  i n  the curve shown i n  F igure 
4-10, i n d i c a t i n g  t h a t  co r ros ion  i n  these n icke l -wa te r  heat pipes i s  
descr ibed by Eq. (4-8) w i t h  a = 1 , w i t h i n  the  accuracy o f  t he  data. 
Ca l cu l a t i ng  the parameters Q and B from the  slope and i n t e r c e p t ,  r e -  
spec t i  vely , r e s u l t s  i n :  
Q = 10.29 x , f2', j ou l es  , 

Table 4-1 compares the actual and predic ted gas evo lu t ion  i n  
the reference condi t i sn  heat  pipes. As discussed iibcve, the f lox  r a t e  
appears t o  be an imror tan t  var iable i n  gas generation i n  these n i cke l -  
water heat pipes. However, flow r a t e  i s  usual ly  most important i n  cases 
o f  crevice corrosion, which i s  no t  important w i t h  the n ickel -water  system. 
i n  other  cases, only  a moderate f low i s  requi red f o r  general uniform 
corros icn t o  remove i n s u l a t i n g  sas bubbles o r  de?leted so lu t i on  from 
the surface. That i s ,  there may be a threshoid i n  the f low rate,  above 
which r~ormal , genera: corrosion w i t h  hydrogen evo lu t ion  occurs. This 
appears t o  be the case i n  the corrosion o f  the n icke l  -water heat pipes 
tcsted i n  t h i s  program. As seen i n  Figure 4-6, a change i n  the gas 
generation r a t e  appears t o  occur or, changing the reference operat ing 
- 3  - 
condit ions from 85°F a t  1.37 x '10 Is,;rr flow r a t e  t c  97°F a t  
4.67 x l b l h r  f low rate.  This change i n  behavior aDpears 
t o  r e s u l t  fram the increase i n  f low r a t e  and not  frm an increase 
i n  temperature. Comparison w i t h  the curves i n  Figure 4-5 shows t h a t  
gas generation i n  the h igh  temperature, zero f l o k  rate,  heat pipes 
wds low and s i m i l a r  t o  the behavior found a t  85°F w i t h  1.37 x !O- 3 
I b / h r  f low rate.  Furthermore, a t  flow rates above 4.7 x i b / h r  
the dependence cn f low r a t e  does no t  appear i n  the data, as nay bs 
seEn by a comparison of the gas generat ior curves i n  Figure (4-3) 
taken a t  i h e  same temperature bu t  a t  d i f f e r e n t  c i r c ~ l a t i o n  .-ir.tes. 
It thus appears t h a t  the f low r a t e  dependence f i s  i n  '.he farm o f  a 
thresho:d ft, below which gas evolut ion i s  very low and above which 
normal, uniforiu corrosion takes place. Eq. (4-8) for  unifarm gas 
generati on may thus be w r i t t e n  : 
n (t,T) = Bte -Q/ kT , 
Q = 10.29 x joules, 
w i t h  T I n  'K. 
TABLE 4-1 
ACTUAL AND PREDICTED GAS EVOLUTION 
IN REF'RENCE CONDITION NICKEL -lATER HEAT PIPES 
QUANTITY OF NONCON- 
DENSIB1 E GAS EVOLVEC 
VAPOR POWER FLUID FLOW TOTAL (LS. -MOLE 
TEMPERATURE INPUT RATE EXPOSURE 
( O F )  (WATTS) (10-3 LBIH~I) TIME (HR) ACTUAL PREDICTED 
* I n i t i a l  and f i n a l  values, power was cont inuously  decreased 
dur ing  exposure t o  ma in ta in  the vapor temperature a t  97.0°F. 
Fur ther  exper imentat ion would be requ i red  t o  determine the p rec ise  val  ue 
o f  ft, the  sharpness o f  t.he threshold,  and bahavior o f  the gas evo lu t i on  
be1 ow thresh01 d. 
As shown i n  Table 4-1, the proposed phenomenological model seve- 
r e l y  over-pred ic ts  the  gas e v o l a t i o n  f o r  the reference cond i t i on  below 
threshold b u t  p r e d i c t s  the reference c ~ n d i t i o n  gas evo lu t i on  above th res -  
ho ld  reasonably we1 1 , over-predi  c t i n g  by 9.4%. 
As an example o f  accelerated 1 i f e  t e s t i n g  and the scal  i n g  1 aw 
represented by Eq. (4-9),  l e t  i t  be assumed t h a t  heat pipes are requ i red  
f o r  a p a r t i c u l a r  a p p l i c a t i o n  t o  be operated a t  8S°F, b u t  a t  a power i n p u t  
r e s u l t i n g  i n  a f l ow  r a t e  g rea te r  than threshold.  I f  the  use fu l  1 i f e t i m e  
i s  considered t o  be l i m i t e d  by gas evo lu t i on  amount t o  200 x 10- lo  1b.- 
moles, so l v i ng  Eq. (4-9) f o r  t r e s u l t s  i n  a p red i c ted  l i f e t i m e  o f  tIih = 
101 5 hoirrs + 9%. 
4.3 Compari son With L i t e r a t u r e :  
A: though there  e x i s t s  an abundance of 1 i tt l t u r e  on the general 
question o f  corrosion, there has bee? ! i tt!e pub? i shed on gas 
generation i n  h e ~ t  pipes. I n  f a c t ,  the only  quan t i t a t i ve  study o f  t h i s  
phenomenon which we have found i s  tl!e work of Pet r ick  [I 31 Qn the s ta in -  
less steel - xa ter  system. Aside from t h i s  vork there has ieen a "cule- 
of-thumb" discussed among heat pipe researc1\ers tha t  the gas generation 
r a t e  doubles f o ~  every 10°C 1nii.ease i n  t;.mperzture, a1 though we hzve not 
been able to  locate any pub l ica t ion  to  t h i s  e f f e c t .  I t  i s  o* i n te res t ,  
however, t o  compare the resul t s  o f  t h i s  program to  those o f  P e t r i  ck and 
t o  the "rule-of-thumb." 
I f  we assume t h a t  we are considering heat pipes operat ing above 
the threshold flow ra te ,  an expression f o r  the temperatcre d i f fe rence 
necessary t o  double the gas generation r a t e  i s  eas i l y  derivzd from 
Eq. i 4 - ~ j .  i e t  tine gas yeneratiorl rlate a t  temperatl;rcz, T tie twice that. 2 
a t  TI. Then, 
I f  we se t  T2 = TI + nTd, whsre 2Td i s  the tem?erature di f ference 
required to  double the generation ra te ,  Eq. (4-10) can read i l y  be w r i t t e n  
Taking logarithms and so lv ing  f o r  &Td y i e l d s  
The imp,. ,dnt th ing  t o  note i n  t h i s  resul  t i s  t ha t  the r a t e  
doubling temperature dif fe  .errtial i s  not a c~nstant., as suggested by the 
" ru le -o f  -thumb ," bu t  depends on the operat ing absolute temperature l eve l  . 
The higher the operat ing tenperature i eve i  , the gi-eater the teiqrrzture 
d i f f e rence  requ i red  t o  double the gas generat ion ra te .  
What i s  constant i s  the a c t i v a t i o n  energy - Q, and a b e t t e r  " r u i e -  
of-thumb" would be t o  es tab l i sh  an average value of  Q t o  be used w i t h  
Eq. (4-9) .  However, i f  a r a t e  doubl ing temperature d i f f e r e n t i a l  i s  pre-  
fe r red ,  i t  must a t  l e a s t  be referenced t o  a standard temperature - say 
* 
20°C (293.16OK). I f  we l e t   AT^ be the value o f  l T d  a t  standard con- 
d i  t i ons ,  Eq. (4-12) reduces t o  
where k = 1.38 x 10' '~ j o ~ l e s / ~ h  (001 tzmann Constant), and Q i s  eipressed 
i n  jou les .  
If we now szb;ti t u t e  the a c t i v a t i o n  energy f o r  n i cke l  -water 
systems found i n  t h i s  study (Q = 10.29 x 1 0 ' ~ ~  jou les )  i n t o  Eq. (4-13), 
* 
we f i n d  t h a t  ;Td = 8.Z°K. This i s  n o t  f a r  removed from the 10°C " r u l e -  
of-thumb." 
To compare TRW1s r e s u l t s  w i t h  those of P e t r i c k  [13], i t  must 
f i r s t  be emphasized t h a t  two d i f f e r e n t  ma te r i a l  systems and d i f f e r e n t  
processing techniques were used. P e t r i c k  worked w i  t h  water/304 s t a i n -  
less  s tee l  heat pipes, wh i i e  t h i s  study used ~a ie i - /N icks:  230 pfpss .  
Further,  he used a completely d i f f e r e n t  method o f  c a l c u l a t i n g  gas inven- 
t o r i e s  i t ?  which he f r oze  the heat  p i p6  and ex t rac ted  the gas, us ing a 
mass spectrometer t o  determine the composit ion and quant i  t y  o t  gas 
present. 
I n  analyz ing h i s  t e s t  data f o r  f i f t e e n  heat pipes run  a t  th ree  
temperature l eve ls  (100, 200 and 300°F), Petr  i c k  observed t h a t  gas 
accumulated l i n e a r l y  w i t h  time up t o  92 days. Th is  i s  s i m i l a r  t o  the 
t ime dependence found i n  t h i s  study, as given by Eq i t  3) .  
I n  a t  temp ti ng t o  fon;,~l ate a teapera t u r e  depenaznce , however, 
P e t r i c k  s imply used an e m p i r i c ~ l  bes t  f i t  o f  h i s  data y i e l d i n g  
where C i s  an empir ica l  constant and T i s  i n  degrees Centigrade. 
Eq. (4-14) would appear t c  5e of l i m i t e d  use i n  t h a t  i t  i s  s imply 
a curve f i t  and does n o t  represent any phys ica l  o r  chemical mechanisms. 
However, P e t r i c k ' s  data are themselves v a l i d  and can serve as an in@?pen- 
dent t e s t  o f  tne analys is  presented here in ,  lead ing  t o  Eq. (4-7).  H is  
publ ished data f o r  the hydrogen generat ion r a t e  as a f u r c t i o n  o f  temp- 
e ra tu re  are shown i n  Tab12 4-2. 
TABLE 4-3 
PETRICK'S GAS GENERATION DATA [ I 3 1  
1 
Gc?fFQS.,'ICN RATE T 1 I T  
2 A - . . \  (OK) (1 I0K)  
TG t e s t  the model i nhe ren t  i n  Eq. (4-7), we can p l o t  the  gas 
generat ion r a t e  vs. the inverse  absolute temperature (1/T) on semi-log 
:wet-, as Gas done f o ~  TRW's data on F igure 4-10. Th is  i s  done f o r  
P e t r i c k ' s  data o,i F igure 4-1 1. As i s  apparent, the data fa1 1 s on a 
s t r a i g h t  1 i n e  i n d i c a t i n g  t h a t  Eq. (4-7) p rope r l y  descr ibes the func- 
t i o n a l  dependence on temperature f o r  P e t r i  c k ' s  r e s u l t s  as we1 1 as TRW's. 
Furthermore, e x t r a c t i n g  a value f o r  the a c t i v a t i o n  energy - Q 
from the slope o f  the : ine, one obta ins:  Q = 8.25 x jou les.  Th is  
compares w i t h  TEW's value o f  10.29 x j ou les  f o r  the nickel-wate. 
sys tem. 
! t i s  a lso  o f  i n t e r e s t  t o  c a l c u l a t r  the  r a t e  doubl ing temperature 
d l f f e r e n t i a l  f o r  P e t r i c k ' s  system. From Eq. (4-13j wi iii Q = 9.25 x !O -20 
- F iBu iE  4- i  i , I ernperature depeqdence o f  gas generati on r a t e  For 
qtainless steel/kster heat pipes (data from [13]). 
* jou les,  we ca lcu la te :  nTd = 10.3OK. I n  t h i s  case the 10°C " r u l e - o f -  
thumb" i s  remarkably c lose t o  correc:t. 
4.4 Conclusions and Recommendat[=: 
From a stcdy o f  hydrogen evo lu t i on  i n  n icke l -water  heat pipes 
under accelerated and reference cond i t ions  i t  has been found poss ib le  
t o  accurate ly  p r e d i c t ,  c a l c u l a t i n g  w i t h  Eq. (4-9),  the  1 i fe t ime o f  a 
heat p ipe operat ing a t  re ference cond i t ions  from data taken a t  accele- 
ra ted  condi t ions,  prov ided the f l u i d  f l ow  r a t e  i s  g rea te r  than a th res -  
ho ld  value. For f l ow  ra tes  l e s s  than t h r t s h o l d  the hydrogm evo lu t i on  
r a t e  i s  much reduced, b u t  a p rec ise  l i f e t i m e  cannot be ca lcu la ted  w i t h -  
i n  the sca l i ng  law. However, t h i s  i s  n o t  o f  g rea t  importance as the  
advantage o f  heat pipes l i e  i n  the area o f  l a r g e  heat t ranspor t ,  which 
i s  the case covered by the accelerated t e s t i n g  model . Fur ther  i n v e s t i  - 
gat ions o f  accelerated t e s t i n g  o f  n i c k e l  -water heat p ipes should inc lude  
an accurate determinat ion of t he  threshold f l ow  ra te ,  the  sharpness o f  
the threshol  d , and the behavior o f  hydrogen evo lu t i on  he1 ow threshol  d. 
Ev ident ly ,  e f f e c t s  o f  wick degradat ion are completely dominated by the 
l a r g e  hydrogen evo lu t i on  i n  t h i s  p a r t i c u l a r  heat p ipe  system. 
O f  considerable s ign i f i cance  i s  t h a t  f a c t  t h a t  the data publ ished 
by P e t r i c k  f o r  s t a i n l ess  s tee l -water  systems shows a s i m i l a r  func t iona l  
dependence on t ime and temperature as t h a t  taken a t  TRW f o r  n icke l -wate r  
systems. Furthermore, the a c t i v a t i o n  energies f o r  the two cases are 
near ly  the  same (8.25 x vs. 10.29 x j ou les ) .  Th is  suggests 
t h a t  the r e s u l t s  may be f a i r l y  general f o r  s i m i l a r  systems and a re  n o t  
too s e n s i t i v e  t o  small va r i a t i ons  i n  the p u r i t y  o f  the water o r  surface 
cond i t i on  o f  the wicks and wa l l s ,  s ince s u b s t a n t i a l l y  d i f f e r e n t  pro-  
cessi ng techniques were used. 
Also o f  i n t e r e s t  i s  the f a c t  t h a t  the 10°C "rule-of-thumb" f o r  
the temperature d i  f f e r e n t i  a1 necessary t o  double the gas generat i  on r a t e  
was q u i t e  c lose t o  c o r r e c t  f a r  both s.tudies i f  refe~enced-  & standard 
cond i t ions  (2g°C). 
The r e s u l t s  o f  t h i s  study have been most encouragins and suggest 
t h a t  the  generat ion of sca l i ng  laws f o r  acce lerated t e s t i n g  o f  1 i f e  
l i m i t i n g  processes i s  indeed f eas ib l e .  I t  i s  be l ieved  t h a t  the success 
o f  t h i s  f e a s i b i l i t y  study now prov ides the mo t i va t i on  f o r  an expanded 
e f f o r t  i n  t h i s  area. 
5.0 DEVELOPMENT OF A VAPOR FLOW MODULATION VARIABLE 
CONDUCTANCE HEAT F I P E  
I n  an e a r l i e r  pub l i ca t ion  [3! i t  was shown tha t  the cont ro l  
capabi li t y  of  paqsive, gas-control led,  var-iable-conductance heat pipes 
i s  sens i t i ve  t o  var ia t ions  i n  the environmental condit ions. This i s  
because t h e  s ink  temperature inf luences both the  gas temperature 
and the p a r t i a l  pressure o f  vapor w i t h i n  the gas blocked region o f  
the  pipes. Thus, var ia t ions  i n  s ink temperature cause var ia t ions  i n  
the gas blocked condenser length and, hence, i n  the evaporator temperature. 
This i s  p a r t i c u l a r l y  troublesome i n  cases wherc the  s ink  temperature 
var ies s i g n i f i c a n t l y  and approaches the  operat ing temperature. Condit ions 
such as these character ized as the  AHPE f l i g h t  experiment on the  OAO-C 
spacecraft ,  r equ i r i ng  the  use of  a  sophis t icated hot non-wicked reservo i r  
design i n  order t o  achieve the requi red 10°F ccn t ro l  range [8, 101. 
Because o f  t h j  5 1 i m i t a t i o n ,  TRW has been studying a1 te rna te  
contro l  techniques which are re1 a t i v e l y  i nsens i t i ve  t o  s ink  temperature 
var ia t ions .  Two such system5 have been examined; excess f l u i d  con t ro l  
and vapor f low modulation. O f  the  two, vapor f low modulation appeared 
t o  be the  preferred scheme f o r  spacecraft  thermal contro l  appl icat ions.  
Thus, t h i s  sche111e was selected f o r  t h e  design, f ab r i ca t i on  and t e s t  o f  
a  1 aboratory prototype. 
5.1 Excess Fl  u i d  Control : 
This contro l  technique i s  c lose ly  re1 ated t o  non-condens jb l  e  
gas cont ro l .  It u t i l i z e s  the  same fundamental con t ro l  approach - t h a t  
o f  passively vary ing the  condenser area t o  accommodate changing heat 
re jec t j on  requirements. However, i t  d i f f e r s  from ord inary gas-cont.ro1 
concepts i n  two p r i nc ip -1  ways. Rather than r e l y  on t h e  compress ib i l i t y  
o f  a  noncondensible gas mixed w i t h  worki  n g f l  u i  d vat +c accommodate 
changes i n  i nac t i ve  condenser volume, t h i s  scheme uses an iso' lated 
extensib le container (be1 lows, bladder, c t c  .) contai  n i  n3 a contro l  
f l u i d .  Also, excess working f l u : l  i s  used t o  b lcck  the  condenser 
ra the r  than a 93s d i f f u s i o n  b a r r i e r .  Such a systwtl i s  shown 
schematicai ly i n  Figure 5-1 . 

Clear l y  t h i s  scheme i s  compari t i v e l y  i n s e n s i t i v e  t o  v a r i a t i o n s  
i n  :ink tempearture. I n  the gas c o n t r o l l e d  heat p ipe,  t h e  p a r t i a l  
pressure o f  vapor mixed w i t h  the  gas in;reases t h e  "e f f ec t i v ; "  gas 
volume i n  a temperature dependent way. Furthermore, t h e  volume o f  
the  gas i t s e l f  i s  a r e l a t i v e l y  s t rong  f unc t i on  o f  temperature. I n  
comparison, the  volume ~f the excess l i q u i d  used t o  b lock  the  condenser 
i n  the excess f l u i d  con t ro l  scheme i s  a r e l a t i v e l y  weak f unc t i on  o f  
temperature. 
Another r e l a t e d  advantage o f  t h i s  technique i s  t h a t  i t s  
t r a n s i e n t  behavior i s  n o t  in f l cenced  by d ' f f us i on  e f f e c t s  between 
yas and vapor, as i s  the  case w i t h  ho t  r e s e r v c i r  gas c o n t r o l l e d  
heat p ipes,  s ince there  i s  no gas i n  the  system. 
On the o the r  hand, t h i s  technique a lso  s u f f e r c  some obvious 
disadvant.ages. It in t roduces d i f f i c u l t i e s  i n  1 -G t e s t i n g  i n  t h a t  
g r a v i t y  tends t o  cause t h e  excess f l u i d  t o  puddle i n  t he  condenser 
r a the r  than res ide  as shown i n  F igure 5-1. To permi t  1 -G t e s ~ i n g ,  
i t  i s  t-herefore necessary t o  design t he  heat p ipe  w i t h  an i n t e r n a l  
capi  11 ary  s t r u c t c r e  t o  r e t a i n  the f l u i d  against  g r a v i t a t i o n a l  forces. 
Th is  i s  a p r a c t i c a l  approach, as was demonstrated by t h e  s l ;ccessf l~l  
app l i ca t ions  o f  l i q u i d  condenser blockage t o  e f f e c t  a heat p ipe  diode 
[201. 
The 1-G requirement a lso constra'ns t h e  geometry and l o c a t i o n  
o f  the excess f l u i d  reservo i  r-. However, p l ac i ng  t h e  reservo i r .  ou t s i de  
and below the evaporator,  coupled t o  i t  through t he  saddle, provides 
a s a t  ; fac to ry  s o l u t i o n  f o r  both 0-G and 1 -G operat ion,  as shown i n  
F igure 5-2. 
Another disadvantage t o  t h i s  approach i s  t h a t  i t  i s  l i m i t e d  t o  
app l i ca t ions  where t h e  e f f t c t i v e  s i nk  temperature i s  above t h e  f r eez ing  
p o i n t  ~f the  working f l u i d .  I f  the  working f l u i d  f reezes i n  t he  "shut -  
o f f "  end o f  the  condenser, t h e  r e s e w o i  r i s  decoupled lrorn t h e  opera t ing  
p o r t i o n  o f  the p ipe  by t he  so1 i d p l  cg , causing a l oss  o f  con t ro l  . 
5.2 Vapor F l o ~  Modulat ion:  -. 
Th is  approach t o  heat  p ipe con t ro l  i nvo lves  a d i f f e r e n t  







































































































































































techniques. That i s  t u  t h r o t t l e  t he  vapar f l o w  between t he  eva?orator 
and condenser sec t ions  ri' the  heat p ipe ,  g i v i n g  r i s e  t o  n pressure 
d i f f e rence  between the  two regions and, w i t h  i t ,  a c o r r e s p o ~ ~ d i ~ g  
temperature d i f f e rence .  I n  t h i s  way, t he  o v e r a l l  temperature drc, 
can be va r i ed  f o r  any give11 heat f l u x ;  i .E .  , the  heat  p i pe  ha; a 
va r i ab l e  thermal conductance. 
The p r i n c i p a l  l i m i t a t i o n  o f  t h i s  t ~ c h n i q u c  i s  t h a t  ,he pressure 
j r o p  across t h e  t h r o t t l i n g  va', Je comes " o f f  che tc ,-" o f  t he  avai 1 ab le  
zap i l !  ary  head. Th is  pressure drop must n o t  exceed the  capi l l a r y  head 
o r  vapor w i l l  "blow through" t he  b.ick. Th is  es tab l i shes  a maxiinilm 
value (blow-thr ougk 1 i m i  t )  f o r  the  evaporator-to-condenser temperature 
d i f  fe re rce ,  depev dent on t he  w i  ck, working f l  u i d  and ope ra t i  no temperature. 
Furthermore, whatever t h e  magnitude o f  t he  th rc i c t l  i n g  prezshre drop, i t  
reduc. t h e  hydr~dynamic capac i ty  of the heat pipe. An a n a l y t i c a l  model 
fo r  vapar f l ow modulat ion heat pipes i nc l ud ing  blow through 1 i m i t s  
and opt -sting c h a r a c t e r i s t i c s  was p rev io l rs l y  repcr ted  i n  Ref [3]. 
To implement t h i s  con t ro l  mect~~r , ison e f f e c t i v e l y ,  a provising 
approach i s  t o  pass ive ly  actuate the t h r o t t i i r l g  va lve w i t h  a c o n t r o l  
f l u i d  w i t h i n  an ex tens ib l e  conta iner ,  as w i t h  t h e  excess f lu i . .  con t ro l  
techriique. Th is  i s  skown schomati ,a l ly  i r ,  F igure 5-3. 
As w'th oxcess f l u i d  c o i l t m l ,  t h i s  tecnnique i s  r e l a t i v e l y  
i n s e n s i t i v e  t o  t he  n~agni tude and v a r i a b i l i t y  o f  t h e  s i nk  cond i t i ons .  
I n  f a c t ,  as opposed t o  gas con t ro l  concepts, performtnce impros:es as 
t he  e f f e c t i v e  s i nk  temperature approaches the  evapr ,.?+w tempr :.: Lyre i n 
t h a t  small e r  evaporator-to-con& ?ser  pressure d i f l '  . i a '  ; are invo l  ved 
and nure o f  the  c a p i l l a r y  head i s  a v a i l a b l e  t o  c i r c u i h t e  t he  f l u i d .  
EVAPORATOR CON DENSE tl 
THROTTLING VALVE 
CONTROL 
FLU1 D FIGURE 5-3. VAPOR MODULATED HEAT PIPE 7a- /-#a 
:r? -,mparison w;th excess f l u i d  cont ro l ,  the vapcr t iow : r t u c i u i a t i ~ ~  
tec:\r)ique does not  suf fer  s i ~ i  l a r  geometric design constrai  nts to  p e m i  t 
i - G  t s t i n g .  Also, since the e n t i r e  condenser i s  ac t i ve  a t  a:l times, 
i t  i s  Q G ~  sdbject t.o f a i l u r e  i f  the  s ink t e n ~ e r a t u r e  f a l l s  below tne 
freezing po in t  o f  the working f l u i d ,  as long as the condenser i t s e l f  
does not  f a l i  below t h i s  temperature. On the other  hand, :!)is scheme 
requ;res a valve i!hi ch i nherer t l y  reduces re1 i a b i  1 i t y  . Also, the 
1 i ~ i  ted c a p i l l  ary pressures avai 1 able const,-ai n the sys tern t o  operate 
a t  rdther ,su atsol  ute pressures i f  s i  ~ n i  f i  cant evaporator-to-condenser 
temper- * d i  f f e r e n t i  a1 s are requi red. 
5.3 Cuntrol F lu ids --- and Extensib12 Containers: - 
As was see- i n  the previous two sections, contro l  o f  the  svaporator 
temperature o f  a heat p ipe can be a c h i e ~ e d  through the use of a bellows, 
bladder o r  other  extensib le container located w i t h i n  irr thermal ly 
coupled t o  it. Within the contro l  f l u i d  container may be - -racuum, 
6 s ing le  phase l i q u i d  o r  gas, 3 two-phase s ing le  component ,,. a two-phase 
mixture. As the  temperature o f  the evaporator changes, the  d i f fe rence 
between the ISapor pressure o f  the  working f l ~ l i d  i n  the pipe and the  
pressure o f  the  contro l  f lu id ,  i f  any, w i t h i n  the b e l l ~ w s  causes the 
be1 lows t o  de f lec t .  The movement o f  .he 9e l l tws  nav be used f o r  
compensating c, ~ t r o !  . This sec t i o r  presents some considerations 
leading t o  select ion o f  a contr  1 f l t i i d  and container. 
5.3.1 The Displacement o f  the Bellows; 
Consider an impermeable be;lows which contains f l u i d  1 and i s  
surrounded by a heat pipe harking f l u i d  2. Bcth are assumed t o  be i n  
th2tmodynamic equ i l ib r ium a t  temperature T. One end o f  tt!e be1 lows 
i s  attached t o  CI statio.,ary wa l l  as shown i n  Figure 5-4. 
The 1 inear displacement x from the equ i l ib r ium p o s i t i o n  o f  the 
bellows i s  g i l l - n  by 
F = Kx = A(Pl - P2) (5-1) 
where K i s  the  spr ing constant., assmqing e l a s t i c  deformation o f  the 
bellows. The chanqe i n  x w i t h  a chang. ill templrature i s  

The fo l low ing descr ip t i ve  terms are used t o  d i s t i ngu i sh  the algebraic 
s ign  o f  dx/dT: 
PUSHER dx /G  - 0 dPl/dT - dP2/dT 
PULLER dx/dT < 0 dPlidT - dP2/dT 
For maximum contro l  sen" t i v i t y ,  i t  i s  c l ea r  t h a t  t h e  be1 laws 
( o r  bladder) de f l ec t i on  should be a st rcng func t ion  o f  temperature; 
> > i .e . ,  dx/dT < <  0. Fron! Eq. (5-?) ,  we see tha t  t h i s  suggests .- c-311 
spr ing constant - K. However, i t  i s  also obvious t h a t  a s o f t ,  weak 
be1 lows o r  bladder cannot susta in ar! appreciable load o r  pressure 
2 i f f c x n c e ,  as e x i s t  when t he  heat p ipe experiences temperatures 
f a r  removed from the  design po in t .  Thus, a t rade -o f f  ex i s t s  between 
cont rc l  s e n s i t i v i t y  and off-design system i n t e g r i t y  i n  es tab l ish ing  
the bellows s t i f f ness .  
5 . 3 . 2  Control F l u i d  Select ion: 
--- 
E q .  (5-2) ind icates tha t  a good contro l  f l u i d  i s  one wi-.h a 
value o f  dP/dT f a r  removed from t h a t  o f  the  working f l u i d .  Uoweder, 
i t  i s  also c lea r  t h a t ,  i n  order t o  gain the benef i ts  o f  us i  no ara 
extensfble container w i th  a small sl;ring constant, the pressure. i ns ide  
and outside o f  the container shouid be near ly  equal ; i .e., P 1 5 P 2'  
5.3.2.1 Two-Ph~se Control F lu ids:  
The use o f  a iwo-pkase c o n t y l  f!uid i s  a t t r d c t i v e  i n  .:hat i t s  
pressure i s  a func t ion  o f  temperature alone, independent o f  thc costa iner  
volume. The working f l u i d  2 i s  i 3  two-phase equi l ibr ium. Therefore, 
i t s  pressure i s  given approximately by the C l  ausi us Cl a ~ e y r o n  ;.el a t i s n  
rhere Tb i s  the  bc i  1 i n g  po in t  a t  pressure Po = 1 a t m s  and Tz i s  AM/?, , 
where Ru i s  the  universal gas constant and M the moiecular weight. 
The P ,  T r e l a t i o n s h i p  f o r  t h e  con t ro l  f l u i d  depends, o f  c o u r s e ,  on i t s  
n a t u r e ;  i .e. , whether t h e  be1 lows is evacuated ,  f i  1 l e d  wi th  a g a s ,  a 
l i q u i d ,  o r  a two-phase f l u i d  o r  mixture  o f  f l u i d s .  In t h e  c a s e  of a 
two-phase con t ro l  f l u i d ,  PI obeys a r e l a t i o n s h i p  s i m i l a r  t o  Eq. (5-3). 
In t h i s  case  ( i f  P1 P2) 
tie tilat ,;,uu;c;. bt: g,.ed tt;i- t L 3 ;  T I-- - - - - A  I~-. .-L-.- I I  C l . . : A  
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and much iower f o r  a good " p u l l e r " .  In a d d i t i o n ,  we d e s i r e  PI and P2 t o  
be n e a r l y  equal  s o :  
I f  t h e  working f l u i d  and t h e  o p e r a t i n g  t e n p e r a t u r e  a r ?  f i x e d ,  Tbl is 
r e l a t e d  t o  Tzl through Eq. (5-7). 
For example, c o n s i d e r  methanol o p e r a t i n g  i 23?Y.. For methanol ib2 = 
338.12 and TZ2 = 425O0K. E ~ .  (5-8) c i v e s  Tbl ve r sus  Tzl as shown i n  
the t h i r d  column o f  Table  5-1. 
TABLE 5-1 
B o i l i n g  Po in t  o f  Control F l u i d  versus Vapor 
Pressure Parameter T, o f  Control F l u i d  
Operating Temperature 293°K 
Tb, B o i l i n g  Po in t  Desired f o r  Working F l u i d  
Water Methanol 
To see whether there  are su i  tab1 e  candidates fo r  pusher curl i r -U; i7 "i i s  
we search f o r  one w i  t h  TZ1 much g rea te r  than Tz2 and w i t h  a  b o i l i n g  
p o i n t  c lose t o  the value ind ica ted .  S i m i l a r l y ,  f o r  2 good p u l l e r ,  we 
seek TZ1 nuch l ess  than Tz2 w i t h  t h e  same boi  1  i n g  p o i n t  c r i t e r i o n .  
The values o f  Tb and Tz f ~ r  a  number o f  f l u i d s  are shown i n  Table 5-2. 
Comparison o f  Table 5-1 w i t h  Table 5-2 shows t h ~ t  t he re  app?ar 
t o  be no two-phase "pusher" f l u i d s  which are sat is factcr ry  f o r  two o f  
the three comnonly used ambient temperature heat p i pe  working f l  u i  ds , 
;!ater, a m n i a ,  and methano:. I n  t he  car,e o f  water on ly  one f l u i d  i n  
the tab le ,  n-propyl  a lcohol ,  has a  g rea te r  TZ, b u t  i t  i s  on ly  s l i g h t l y  
greater .  The des i red b o i l i n g  p o i n t  f o r  a  value o f  T, = 496G'K i s  3 7 i P K ,  
and the actual  bo i  1  i n g  p o i n t  o f  n-propyl  a i  coho1 i s  373.4"K. I n  t h e  
case o f  a m n i a ,  there i s  no t r o u b l e  f i n d i n g  a  f l u i d  w i t h  a g rea te r  TZ. 
However, t h e  t ~ i l i n g  po in ts  o f  t he  f l d i d s  i n  Table 5-2 are a l l  too h igh.  
:G t!x crzc 2f meth~nn7 v l y  the  o t h ~ r  a l c~ho !s  and water have g rea te r  
valses o f  T,. But t he  values 3 f  Tb f o r  these f l u i d s  a r?  a l l  too  1.igh. 
Thus, there  i s  n o t  2 s i n g l e  candidate i n  the  Table f o r  use as a  "pusher.' 
f l  u i  w i t h  ammor,i a  o r  methanol. 
A  s i m i l a r  search f o r  two-phase "p t ! l l e r "  con t ro l  f l u i d s  shows 
t h a t  there  are no candidates i n  t he  t a b l e  f o r  use w i t h  ammonia (values 
o f  T, are too h i gh ) ,  a  poss ib le  (a l though not  very good) candidate f o r  
water ( d i - e t h y l  ketone) ar,d severa! candidates (carbon t e t r a c h l o r i d e  ana 
e t h y l  iod ide)  which appear s a t i s f a c t o r y  f o r  use \:i t h  methanol . 
Another way o f  look ing  a t  the  s ta ted  requirements and conclusions 
i s  t o  consider t he  pressure-temperature curves f o r  the system. This  i s  
shown i n  F igure 5-5. Since both the c o t ~ t r o l  and working f l u i d s  are 
presumed t o  be two-phase f l u i d s ,  r ne  P, T curves a re  unique f o r  each 
o f  them. I n  terms o f  Figure 5-5, t he  requirements f o r  a  good con t ro l  
f l a i d  are 1  ) t h a t  the  two-curves cmss  a t  a  temperature Ta which i s  
very c lose t o  the design p o i n t  (PI 4 P 2 ) ,  and 2)  that  t i l e  slopes a f  
d P  t he  curves be very d i f f e ~ n t  a t  t h i s  p o i n t  ( 1  >> dP2). An i n a b i l i t y  
3- << -8- 
t o  f i n d  a con t ro l  f l u i d  w i t h  Tzl much greater  than (pusher) o r  mucll 
l ess  than ( p u l l e r ?  TZ2 i s  equi va len t  t o  saying t he  s l o p s  of t he  P  , T 
curves a re  n o t  s u f .  i c i e n t l y  d i f f e r e n t  a t  t he  des i red  con t ro l  po in t .  
TABLE 5-2 
Vapor Pressure Parameters f o r  Some Fluids 
Boiling Latent Molecular 
Point Heat jleight 
Tb A . M 
Fi ui d " C O K  cal /q g/g-mole 
Ace tone 56.5 329.7 124.5 58.1 
Amnon 1 a -33.5 239.7 327.4 17.03 
Benzene 80.1 353.3 94.3 78.1 
Tert-butyl a1 coho1 82.5 355.7 130.5 74.1 
Carbon t e t r a ~ . h l  or ide 76.8 350.0 46.4 j53.8 
Chloroform 61.3 334.5 59.u : - A  ,t 1 1 3 . -  
D i  e thy1 ami ne 55.5 328.7 91 .O 73.1 
Diethyl ketone 102.7 375.9 90.8 36.1 
E thy1 a1 coho1 78.4 351.6 204.0 46.1 
Ethyi iodide 72.2 345.4 45.6 156.0 
Ethylene chloride 83.6 356.8 77.3 99.0 
Ethyl idene chloride 57.3 330.5 67.1 99.0 
Methyl ace ta te  57.1 330.3 98.1 74.1 
Methyl a1 coho1 65.0 338.2 262.8 32.04 
Methyl propi onate 79.9 353.1 79 .O 88.1 
Isopropyl alcohol 82.3 355.6 159.0 60.1 
N-propyl a1 coho1 97.2 370.4 164.0 60.1 
Sul f ~ r  dioxide -10.0 263.2 92.7 64.1 
Tri chl oroe thy1 ene 87.0 360.2 57.3 131.4 
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FIGURE 5-5. Pressure - Temperature Relat ionship for 
Extensible C ~ n t a i  ner Control System Using 
a Twa-Phase Control F lu id .  
S i m i l a r l y ,  an i n a b i l  i t y  t o  o b t a i n  a  con t ro l  f ' l u i d  w i t h  the  appropr ia te  
b o i l i n g  p o i n t  Tbl (as given by Eq. 5-8) i s  ta-tamount t o  saying the  two 
P, T curves don ' t  cross near th?  design po in t .  
5.3.2.2 Two-Comp3nent Control  F l  u i  ds : 
Since there appear t o  be few single-component two-phase con t ro l  
f l ~ f d s  f o r  use w i t h  t h e  des i red working f l u i d ,  i t  i s  o f  i n t e r e s t  t o  
consider t he  p o s s i b i l i t y  o f  using mixtures. For example, i n  seekirlJ a  
"pusher", i f  there  i s  found a f l u i d  w i t h  a  des i rab le  Tzl > T  b u t  
z  L 
which has too low a  va lue o f  Tbl ( i . . ,  t he  f l u i d  i s  too v o l a t i l e ) ,  i t  
i s  poss ib le  t o  mix i t  w i t h  another less  v o l a t i l e  f l u i d ,  p re fe rab ly  
w i t h  t he  same value o f  Tzl, t o  ob ta i n  a  match f o r  PI and P p .  
Consider an idea l  s o l u t i o n  o f  two components, one more u o ! i t i ? e  
(subscr ip t  m), t h c  o t h e r  l ess  v o l a t i l e  ( ;ub icr ip t  E). The vapor pressure 
o f  the mix tu re  i s  
- 
'mi x - Y, pm + X, P, (5-9) 
where Xm and X, are the mole f r a c t i o n s  o f  t he  l i q u i d .  S u b s t i t u t i n g  
from Eq. (5-5) y i e l d s  
Xm + X E  = 1  (5-1 1  ) 
Comparing Eqs. (5-5) and (5-10) shows t h a t  an equ iva len t  Tbl can be def i  ned 
by 
It i s  then p o l s i b l e  t o  o b t a i n  t h e  des i red value o f  Tbl by vary ing X,. 
Solv ing f o r  X,, we f i n d  
Eqs. (5 - l o ) ,  (5-12) and (5-13) ho ld  on ly  f o r  TZ, = Tzm = Tzl and are 
therefore useful  only f o r  conceptual design. For actual desigll one 
would use rea l  mixture vapor pressures obta i  ned from experiment. 
Eqs. (5-9) - (5-1 3) apply t o  a mixt!rre o f  two phase f l u i d s .  
An a l t e rna t i ve  approach i s  t o  use a c o ~ ~ b i n a t i o n  o f  a s lng le  two-phase 
f l u i d  and a noncondensible gas. I n  t h i s  way i t  i s  possible t o  a r b i t r a r i l y  
ra i se  P1 so t h a t  i t  matches P 2  a t  any desired se t  point.  This relaxes the 
requirement on the two-phase component of the contro l  f l u i d  i n  t h a t  Tbl 
can be equal t o  o r  less than the  value given by Eq. (5-8). 
By in t roducing a nonconL.?ns i b l e  gas, however, the contro l  
f 1  u i d  pressure i s  no longer a unique func t ion  o f  temperature, b u t  
a lso depends on the container volume. I f  l a rge  displacements are 
involved t h i s  resu l t s  i n  a reduced cantro l  sensi i i v i  t y .  
5.3.2.3 Single Phase Control F lu ids :  
I f  we elimirrate the two-phase f l u i d  a1 together, and simply 
u t i l i z e  a ncncondensible gas as the  contro l  f l u i d ,  the pressure can 
again be read i l y  adjustable t o  match t h a t  ~f the working f l u i d  so 
t h a t  PI = P p  a t  the cont ro l  po in t .  Furthermore, the temperature 
dependence o f  the gas pressure i s  weak compared w i t h  the tvio-phase 
working f l u i d ,  y i e l d i n g  a very la rge  difference i n  dP/dT. Thus, a 
s ing le  phase gas represents an a t t r a c t i v e  p u l l e r  type cont ro l  f l u i d .  
This system would y i e l d  performance s i m i l a r  t c ,  gas con t ro l l ed  heat 
pipes Except t ha t  the gas i s  i so la ted  ( f r e e  o f  vapor) and a t  near ly  
constant temperature. Thus, i t  would be r e l a t i v e l y  i nsens i t i ve  t o  
var iat ions i n  s ink temperature. 
As opposed t o  a s i n g l e  phase gas, one can a lso u t i l i z e  a 
~ i n g l e  phase l i q u i d  as the contro l  f l u i d .  L iquids are r e l a t i v e l y  
incompressible and, a t  constant volume, e x h i b i t  very high values o f  
dP!dT [Reference 211. Thus, l i q u i d s  make exce l len t  pusher type 
contro l  f l u i d s ,  provided very small volume changes are required f o r  
contro l  . 
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5.4 Excess F l u i d  Control Vs. Vapor Flow Modulation: 
Both the excess f l u i d  and vapor f low modulation contro l  schemes 
show promise f o r  development c f  va r i  able conductance heat pipes whi ch 
are re1 a t i  vely i nsens i t i ve  t o  var i  a+-ons i n  sink temperature. Par t  o f  
TRW's task was t o  examine both schemes i n  terms o f  t h e i r  p r a c t i c a l i t y  
and, i n  conjunction w i th  NASA-ARC personnel , se lec t  the most promising 
fo r  hardware development . The f o l  1 owing paragraphs present a comparison 
o f  the two schemes from numerous points  o f  view r e l a t i v e  t o  deJign and 
imp1 ementation. These comparisons are sumnari zed i n  Table 5-3. 
5.4.1 Requi red Displacement o f  Extensible Container: 
Since the excess f l u i d  contro l  scheme operates by v i r t u e  o f  
cczdenser blockage, s im i l a r  t o  gas cont ro l ,  i t  i s  necessary t h a t  the  
vapor- l iqu id in ter face be var iab le  over the  e n t i r e  condenser length. 
Thus, the vol umetri c displacement o f  the  cont rc l  f 1  u i  d container must 
be a t  l e a s t  equal t o  the vapor vo id  vol uwe o f  t h e  condenser (see 
Figure 5-1) plus any va r ia t i on  i n  excess f l u i d  volume due t o  changes 
i n  l i q u i d  and vapor density w i t h  temperature. This represents a 
r e l a t i v e l y  1 arge displacement. 
The funct ion o f  the extensib le contai  cer  i n  the vapnr f low 
r n ~  ' u la t ion  technique i s  t o  provide l i n e a r  motion t o  the  valve stem. 
By using a small area bellows, one car! achieve substant ia l  1 inear  
motion w i t h  very 1 i t t l e  volumetric displacement. Furthermore, by 
designing the  valve w i  th  a very shor t  stroke, t he  resu: t i s  a system 
requ i r ing  minimal volumetric displacement o f  the extensib le container. 
5.4.2 Type o f  Extensible Container: 
One might consider pistons, bellows o r  bladders as po ten t i a l  
candidates f o r  an ex tens ib le  cont ro l  f l u i d  container. In general , 
pistons appear t o  be unsuitable because o f  leakage aast the seals. 
S i m i  1 a r l y  , bladders are f r e q ~ i e n t l y  avoided becat - o f  mass d i f f u s i o n  
problems, a1 though t h i s  does no t  appear insurmountable. The pueferrcd 
s t ruc ture  seems t o  be the  bellows which i s  inherent ly  f ree  o f  both 
leakage and d i f f us ion .  Furthermore, from a heat pipe fab r i ca t i on  p o i n t  
of view, a n e t a l l i c  bellows can be heated t o  high temperatures f o r  



























































































































































































































































































































































































































































































































































































































































































































































































































seals represent a  cons t ra i n t  i n  t h i s  regard. 
i n  the  case o f  excess f l u i d  con t ro l ,  the l a r g e  displacement 
requi  wments combined w i t h  a  des i re  f o r  h igh  contl-c' s e ~ s i t i v i t y  d i c t a t e  
t he  usa o f  a  l a rge  ex tens fb le  con ta iner  w i t h  l i t t l e  res is tance t o  
displacement; e.g., a  " s o f t "  ( low sp r i ng  constant)  bel lows o r  bladder.  
I n  con t ras t ,  the small displacement requirements o f  the vapor 
f low modulat! 3n scheme permi t  Lse o f  a  small bel lows o f  greater  s t i f f n e s s .  
The actual  s t i f f n e s s  requi  rements depend on t he  con t ro l  f l  u i  d  se lected , 
as w i l l  be seen l a t e r .  
The s t i f f n e s s  requirement o f  thc ex tens ib le  conta iner  i s  an 
important factor,  f o r  i t  s t rong l y  i n f l  uer -es tne i n t e g r i t y  o f  t h e  system 
under o f f  jes ign condi t ions . The p r e s s u x  d i f f e r e n t i a l  across the b e l l ~ w s  
i s  a  funct ion o f  the system temperature and, depending on t he  f l u i d s  
chosen, can be q u i t e  l a rge  i f  t he  temperature dev ia tes from th  i c s i g n  
p o i n t  appreciably.  Unless the  bel lows i s  s t i f f  enough t o  support such 
d i f f e r e n t i a l s  o the r  means must be prov ided LO p r o t e c t  i t .  
5.4.3 Control  F l u i d :  
The excess f l u i d  con t ro l  system, as depic ted i n  F igure  5-1 
and 5-2, requ i res  a p u l l e r  type con t ro l  f l u i d  so t h a t  t h e  cc.niaii;er 
contracts  and avai  l z b l  e  :ondenser area i ncreases as the  temperature 
increases. Thus, t h e  f i e l d  i s  l i m i t e d  t o  a  noncondensi b l e  gas, a  
two-pha'se f l u i d ,  o r  a  combination o f  t he  two. As shown i n  5.3.2.1, 
however, it i s  d i  ff ic"; t t o  f i n d  s a t i s f a c t o r y  two-phav con t ro l  f l u i d s  
f o r  a l l  working f l u i d s  o f  i n t e r e s t .  P p i i w  gas o r  a  m ix tu re  o f  gas 
and a two-phase f l u i d  appears most s u i  t a t l e .  
The vapor f low modulat ion coaiept  card u t i l i z e  e i t h e r  a  pusher 
o r  p u l l e r  type con t ro l  f l u i d ,  depending on which d i r e c t i o n  one es tab l i shes  
f o r  the  valve t o  seat (F i gu le  5-3 ~ a l l s  f o r  a " p u l l e r " ) .  Thus, t h i s  
provides no r e s t r i c t i o r .  on t h e  con t r c l  f luic;. A p a r t i c u l a r l y  a t t r s c t i  ve 
app roxh  t o  t h i s  s y t e m ,  ,l?ade poss ib le  by t h e  very small dizp1acement.s 
required, i s  t o  use a s i n g l e  phase l i q u i d  as a pusher f l u i d .  Because 
a 1  i q u i d  i s  r e l a t i v e l y  incompressible, t h e  d i ~ p l a c e m e r ~ i  o f  t h e  bel lows 
i s  e s s e n t i a l l y  independent o f  bo tn  the  working f l u i d  vspor pressure 
and t he  bel lows s t i f f n e s s .  Thus, very s t rong  be l lows nay be used 
whish provides a rugged s t r u c t u r e  and a l l e v i a t e s  p ro tec t i on  prohlefns 
a t  o f f -des ign  .emperatures. 
5 . 4 . 4  Mechanical Mot ion:  
- -
Both systems requ i r e  ~ e c h a r ~ i c a l  mot ion t o  operate.  The 
excess f? u i  b scheme requi  res ; ubs ta~ t . i  a1 rnotion o f  a  very s o f t  be1 lows 
or bladder,  w i t h  associated f a t i g u e  ;.14sik~i 11 t i 4 s .  The vaccr  modulat ion 
set-erne a l r o  requ i res  mot ion o f  a  bel lok.s,  b:,2 trle m o t i o ~  i s  small and 
t he  bel lows can be very s t rong.  Ho;dc~er t i i e  l a t t e r  s chwe  a l so  
rkqu i res  m t i c n  o f  a  va l ve  stem t n r n ~ ~ ~ ~  a guide and repe t i t i ve  sea l ing  
o f  a  valve. Th is  g ives r i s e  ! 1 p o t e n t i a l  s t i c k i n g  pmblems although, 
once again, t h e  use o f  a  very s t i f ?  be l lows minimizes t h i s  concern. 
5 .4 .5  -- Wcrking F lu id :  
The excess f l u i d  c o n t r ~ ! l  ~~cherne imposes no fundament.;l cons t ra i n t s  
on the working f l u i d  over dnd above those common t o  a l l  hes t  p ipes.  Howevet , 
t h e  pressure d i f f e r e n t i a l  across t he  be l lows o r  b ladder  a t  c f f - des i gn  
condi t ions \'ill be g rea te r  f o r  r i g h  pressure f l u ~ d s .  Ccnsequzntly , t h e  
use of: lower r e s s w e  f l u i d s  w i l l  . i m p l i f y  the  ~ r c b l e l ! ~  o f  assur ing 
system i n t e g r i t y .  
I n  the cas,? of vapor f l i lw  modulation, the c r r l t r o l  f u n c t i o n  i s  
prov ided by  e s t a b l i ~ : ~ i ~ . g  a  pressure d i f f e r e n t i a l  between evaporator  
and condenser which y i e l d s  a  co r ,  tls?onding s a t u r a t i o n  temperature 
d i f f e r e n t f a 1  . Tnis and a l l  o t he r  :!. !.cssure dmps c n the c i r c l t l a t i o n  
?oop muc t be overcc;ne try t h e  capi :  ! ,ry h2ad. Typ ica l  va ~ u e ?  f o r  
cap i17ary  Lveasure are on t 5 e  orcfer c f  tens o f  p s i .  Thus, it. i s  c l e a r  
t n a t  t h i  working f l u i d s  a re  l i ~ l n t e d  tu those w i t h  low abso l i i t e  vapor 
pressures i n  t he  opera t ing  ternp?re+bre ran20 i f  s i g n i f i c a n t  .:,lporator- 
to-condenser ta:perature diffrr;~i!lo I; ar? t o  be echieve l. w a t e r  and 
t he  a1 coho1 s  (methanol , ethanol  , pro:a?cl . 2tc . )  are  t j p  :;a? catid< _;ate 
f l u i d s  whiLh e x h i b i ?  .ow vapor qressures i n  t h e  t a m p e r a t ~ r e  w n g e  of 
i n t e r e s t  i n  spacecraf t  thermal con: r c l  . 
5.4.6 - -  Nick Constraints: 
The excess f l u i d  contro l  scheme imposes no unusual constraintz 
en the pr 'qary  wick design. E i the r  hcmogeneous o r  a r t e r i a l  wicks may 
be used. i n  f ac t ,  the use o f  a r te r i es  i s  simpler than w i th  the gas 
L.dntrol technique f o r  the  system i s  presumdbly gas f ree  and problems 
o f  gas bubble en? a apment are minimized. 
The vapor f low modulation technique, however, almost ce r ta in l y  
requires the bse o f  a r te r i es .  I t  i s  necessary t o  generate as high a 
capi l7ary head as possible t o  overcome the  t h r o t t l i n g  pressure drop. 
This requires very small pumping pores which, t o  avoid excessive 1 i q u i d  
f low resistance, c a l l s  f o r  an a r t e r i a l  wick s t ruc ture .  
5.4.7 1-G Test ing Constraints : 
The need f o r  ground t e s t i n g  o f  the heat p ipe places considerable 
cons t ra in t  on the aesiyii  o f  exczzs f l u i d  contr(rl!ed heat pipes. I n  
order t o  achieve condenser blockage i t  i s  necessary t o  inc lude s u f f i c i e n t  
c a p i l l a r y  s t ruc ture  i n  the condenser t o  assure t h a t  the f l u i d  w i l l  
br idge the voids and no t  puddle on the  bottom. I n  addi t ion,  there 
are l i m i t a t i o n s  on the  geometry and l oca t i on  o f  the excess f l u i d  
reservoi r. Since t h i s  cannot readi l y  contain a capi 1 l a r y  s t ruc tu re  
t o  avoid puddling ( i t  must permit  motion o f  the contro l  f l u i d  bellows 
o r  bladder), the  equivalent e f f e c t  must be obtained geometrica!!y, 
Figure 5-2 shows a sa t is fac tory  approach t o  the problem. By p lac ing 
the reservo i r  external t o  and below the evaporator and condenser, 
g rav i ta t iona l  forces ac t  t o  keep l i q u i d  i n  the rese rvo i r  ra the r  
than i n  the condenser. 
I n  contrast,  the vapor f low modulation concept su f fe rs  no 
unusual constra ints  f o r  1-G tes t ing .  
5.4.8 - Thermal Character is t i  cs : 
5.4.8.1 Sink Temperature: 
With the excess f l u i d . c o n t r o 1  scheme, the p o r t i o n  o f  the 
condenser which i s  l i q u i d  blocked w i l l  tend t o  fa1 1 i n  temperature 
and equ i l i b ra te  w i t h  the sink. I f  the  f l u i d  freezes near the end 
o f  the condenser, the 1 i q u i  d reservo i r  w i  11 be $coupled f r o m  the  
act ive por t ion  a f  the p ipe by the  s o l i d  plug and the  contro l  func t ion  
w i l l  be l o s t .  Thus, t h i s  scheme i s  l i m i t e d  t a  appl icat ions where the  
e f f e c t i v e  s ink  temperature does not  f a l l  below the f reezing po in t  
o f  the working f l u i d .  
I n  the case o f  vapor f low modulation, the cont ro l  func t ion  
i s  independent o f  the condenser. Freezing i s  s t i l l  a problem, however, 
since a frozen condenser cannot re tu rn  f l u i d  t o  the  evaporator. But 
the l i m i t a t i o n  i s  on the condenser, no t  the s ink temperature. The 
cordenser i s  near ly  isothermal i n  t h i s  case, and i t  i s  q u i t e  acceptable 
to have the condenser above and the  s ink below the  f reezing p o i n t  o f  
the working f l u i d .  There w i :  1 o f  course be heat r e j e c t i o n  under such 
c i  rcumstances , bu t  t h i s  can be q u i t e  small f o r  a condenser near the 
freezing po in t  o f  a f l u i d  such as nethanol (F.P. = -144OF). 
5.4.8.2 S 3 t  Point  Control and S e n s i t i v i t y :  
I f  a We-p!??se c~ntr(l l  f l u i d  i s  used f o r  an excess f l u i d  
cont ro l led  heat pipe, the nominal se t  po in t  i s  f i x e d  a t  the i n t e r -  
sect ion o f  the vapor pressure curves o f  t he  contro l  and working 
f l u i d s .  However, the pressure o f  a two-phase f l u i d  i s  no t  a func t ion  
o f  volume and thus the e n t i r e  condenser can be turned on o r  o f f  w i t h  
a pressure (ant! b n c e  temperature) change only  equal t o  t h3 t  necessary 
t o  exp?nd o r  compress the contro l  f l u i d  ccntainer.  I f  a " s o f t "  
container (e.g., bladder) i s  used, t h i s  can be accomplished w i t h  
hardly any change i n  temperature a t  a l l .  I n  o ther  words, t h i s  system 
of fers extremely good contro l  s e x  i t i  v i  t y  . 
Unfortunately, as discussed i n  Section 5.4.3, two-phase cont ro l  
f l u i d s  are no t  read i l y  avc i lab le  f o r  most cases of i n te res t .  Rather, 
a mixture o f  a noncondensible gas and a two-phase f l u i d ,  or a pure 
ngncondensible gas seem m9re promising. I n  such cases, the nominal 
se t  pr.:;:t can be var ied according t o  the gas inventory ( p a r t i a l  
presswe);  bu t  the cont ro l  s e n s i t i v i t y  i s  reduced due t o  the 
volume-dependent p ressuv  charac ter is t i cs  o f  t he  gas. 
The vapor f low modulation concept seems best  implemented 
w i t h  a l i q u i d  contro l  f l u i d .  I n  t h i s  case the  nominal se t  p o i n t  
corresponds t o  the evaporator temperature a t  which,the valve 
j u s t  closes. This can be eas i l y  var ied over a wide range by simply 
adjust ing the 1 i q u i d  inventory i n  the extensib le container. 
As we l l  as a var iable s e t  po in t ,  t h i s  scheme also has the 
po ten t i a l  f o r  very h igh contro l  s e n s i t i v i t y .  The motion of the  valve 
per u n i t  change i n  temperature o f  the 1 i q u i d  i n  the extensib le 
container i s  an independent design var iable con t ro l l ed  by the vol un?e 
and geometry o f  the  container. It i s  a simple mat ter  t o  desian the 
system so tha t  the valve stem t rave l s  i t s  f u l l  span w i t h  only  a few 
decjrees change i n  contro l  f l u i d  temperature. 
5.4.9 Summary and Conclusions: 
Based upon the previous considerations, the vapor f low 
modulation scheme was selected as the pre fer red  approach f o r  hard- 
ware development. The p r i n c i p l e  reasons f o r  t h i s  choice were: 
a. Vapor modulation requires much less motion o f  
the contro l  f l u i d  extensib le container, al lowing 
the cse o f  a bellows which f a c i l i t a t e s  fab r i ca t i on  
and increases re1 i abi 1 i t y  . 
b. The vapor f low modulated pipe can operate w i t h  the  
s ink temperature substant ia l  l y  below the f reezing 
po in t  o f  the working f l u i d  since no po r t i on  of the  
condenser length  i s  shut o f f  and the  f l u i d  need no t  
freeze. This feature gives the  scheme a much broader 
range o f  appl i cation. 
c. The vapor t h r o t t l i n g  valve can be actuated w i t h  a 
s ing le  phase l i q u i d  contro l  f l u i d  since only  small 
motions o f  the valve are required. Thus, i aryi: ibi- ies 
and s t i f f  bellows can be used, making the systen! more 
rugged and less  s e w i  t i v e  t o  temperatures outs ide o f  
i t s  design operating range. 
5.5 Design of a Prototype Vapor Flow Modulation Heat Pipe: 
I n  designing the  prototype heat p ipe  several ground ru les  
were establ ished t o  provide experimental f l e x i b i  li t y  and f a c i l  i t a t e  
m d i  f i c a t i o n  i f necessary. These were as f o l  lows : 
o A l l  components must be made o f  a  s i n g l e  mater ia l  
which i s  compatible w i t h  both water and methanol 
t o  permi t  t e s t i n g  w i t h  e i t h e r  as the working f l u i d .  
o  A t  l e a s t  one end cap must be f langed t o  permi t  
disassembly o f  the  system. 
o The e n t i r e  valve assembly m i s t  be removable so t h a t  
mod i f i ca t i on  o r  rep1 acement i s  poss ib le  i f necessary. 
o  The design must p rov ide  outs ide access t o  the  con t ro l  
f l u i d  conta iner  t o  a l low mod i f i ca t i on  o f  t he  se t  
p o i n t  w i thou t  d i  sassembl i ng  the heat pipe. 
o  Size and weight would no t  be considered cons t ra in ing  
fac to rs  i n  t h a t  the  heat p ipe  i s  a  developmental 
version. 
A schematic diagram o f  the  prototype heat p ipe,  i n d i c a t i n g  
the key components and layou t ,  i s  shown on Fig.  5-6. The f o l l o w i n g  
paragraphs descr ibe t h e  design o f  t h e  s p e c i f i c  heat p ipe components, 
cons is tent  w i  t b  t he  aforementioned ground ru l es  . 
5.5.1 Mater ia ls :  
5.5.1.1 Metal Components: 
Monel 400 was se lected f o r  a l l  metal components o f  t he  heat 
pipe. TRW has accumuldted over 20,000 hours o f  l i f e  t e s t  data showing 
Monel 4G0 t o  be compatible w i t h  water. Fur ther ,  a1 though 1 i f e  t e s t  
data o f  monel and methanol were n o t  ava i lab le ,  i t  i s  known t h a t  
methanol i s  compatible w i t h  both copper and n i c k e l ,  monel ' s  p r i n c i p a l  
components. 
5.5.1.2 - Working F l u i d :  
The working f 1 u i d  was c+osen t o  be water, w i t h  methanol as 
an a1 te rna t i ve .  Water i s  a  p a r t i c u i  a r l y  a t t r a c t i v e  f l u i d  f o r  
vapor modulation heat pipes because o f  i t s  h i gh  sur face tens ion 
(h igh  c a p i l l a r y  pressure) and low vapor pressure a t  temperatures o f  
i n t e r e s t .  Th is  al lows a l a rge  range i n  opera t ing  cond i t ions  w i t h o u t  





































































However, water does have a high f reezing p o i n t  which l i m i t s  the  s ink 
temperature t o  r?l a t i v e l y  high values . Subst i tu t ing  methanol a1 lows 
tes t i ng  a t  very low s ink  temperatures a1 though i t s  operat ing range 
i s  somewhat 1 i m i  ted  by vapor blow-through . 
5.5.1.3 Control F lu id :  
I n  se lect ing a contro l  f l u i d ,  the p r i nc ipa l  c r i t e r i a  were 
compat ib i l i t y  and the c o e f f i c i e n t  o f  volumetric expansion. A good 
control  f l u i d  has (3 h igh c o e f f i c i e n t  which maximizes the displacement 
o f  the valve stem w i t h  changes i n  f l u i d  temperature. Table 5-4 1 i s t s  
the coe f f i c i en ts  o f  volumetric expansion f o r  numerous potent i  a1 
contro l  f lu ids.  As can be seen, methanol exh ib i t s  one o f  the highest 
values! Since methanol i s  presumably compatible w i th  monel , i t  was 
selected. 
Table 5-4 
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ACETIC A C I D  
*Several f l u i d s  w i t h  higher values o f  B have recent ly  
been reported i n  reference [22] 
5.5.2 Val$* Design: 
The heart  o f  the  vapor f low modulation concept i s  t h e  t h r o t t l i n g  
valve between the  evaporator and condenser sections. This valve opens 
and closes so as t o  automatical ly ad jus t  the  pressure drop through i t  
t o  maintain the evaporator pressure w i t h i n  the  design contro l  range. 
Desired valve character is  t i c s  a re  as fo l lows : 
o Since the contro l  f l u i d  (Methano' 1 i q u i d )  i s  a 
pusher type, t he  valve xust open when the stem 
moves toward the  condenser. 
o The valve must be o f  s turdy construct ion and operate 
under la rge  enough forces t o  prevent s t i ck ing .  
o I n  the  f u l l y  open p o s i t i o n  the  valve should o f f e r  
very l i t t l e  resistance to  vapor f low.  
o For maximum cont ro l  s e n s i t i v i t y  the valve should be 
designed so t h a t  the  f low area i s  a very strong 
funct ion o f  stem displacement. This suggests a poppet 
type valve as opposed to a needle valve. 
o .he valve must be removable from the assembly t o  permit  
modi f icat ions i f  necessary. 
A valve design which s a t i s f a c t o r i l y  meets a l l  o f  these 
c r i t e r i a  i s  shown on Figure 5-7. A disc-type valve head seats 
against a ri ng-type seal o f  semi-circul  a r  cross-sectior,. Vapor 
flows a x i a l l y  through s i x  holes i n  the valve body and then r a d i a l l y  
outward t!,rough the space between head and seat. The valve stem 
passes tnroagh a seventh hole i n  the center o f  t he  body. The valve 
body has an external  screw thread which in te r faces  w i t h  the bulkhead, 
a1 1 owing easy removal . 
The purpose o f  t he  bulkhead i s  t o  separate the  evaporator 
and condenser sections such t h a t  vapor can f low on ly  through the valve, 
and l i q u l d  only  through the  wick systen: (a r te ry ) .  Also, i n  t h i s  
f i r s t  prototype system, the bulkhead had t o  inc lude a screw thread 

i n te r face  w i t h  the valve body t o  al low easy removal of the l a t t e r .  I n  
addi t ion,  s ince there may e x i s t  a  substant ia l  temperature d i f fe rence 
across the bulkhead between the evaporator and condenser sect ions, 
i t  should p m v i  de s u f f i c i e n t  thermal res is tance t o  heat conduction 
so t h a t  heat leakage i s  acceptably low when the valve i e  clssed. 
The low thermal conduc t iv i t y  o f  monel (12.5 Btu lhr- f t -OF) f a c i l i t a t e s  
t h i s  l a s t  requi rem, i t .  
The bul  khsad was designed as a monel d isc ,  0.35 i n .  t h i c k  , 
w i th  a female threaded hole f o r  the valve body and a small through 
hole f o r  the ar te ry .  I t  i s  shown i n  a photograph on Figure 5-10. 
5.5.4 - Control F l u i d  Reservoir and Valve Actuator: 
Tn designing the  contro: f l u i d  rese rvo i r  and valve actuator ,  
the f o l  lowing requi rements were establ  i shed: 
o The design had t o  be rugged, suggesting a small 
bellows w i t h  a s t i f f  spr ing constant p lus overload 
p ro tec t i on  i n  case o f  temperatures f a r  outside o f  
the contro l  range. 
o The debign would u t i l l z e  a standard bellows. 
o To maximize contro l  sensi t; v i  t y  , the  reservo i r  
volume should be 1 arge. 
o The design had t o  inc lude external access t o  t he  
reservo i r  t o  permit  adjustment o f  the cont ro l  f l u i d  
inventory and, hence, the  nominal heat p ipe se t  po in t .  
o  The design had t o  inc lude a c a p a b i l i t v  f o r  small 
mechanical adjustments i n  the  p o s i t i o n  o f  the end 
o f  the bellows which actuates the valve. 
The u l t imate  design, s a t i s f y i n g  a1 1 these c r i t e r i a ,  i s  
shown schematical ly i n  Figure 5-8. A small standard bellows was 
connected t o  an 8 i n .  long, 318 i n .  O.D. tube w i t h  an ex te rna l l y  
threaded connector. A 114 i n .  O.D. tube was connected t o  the  
other  end o f  the  318 in .  tube, represent ing the  rese rvo i r  f i l l  tube. 





















































































































An inver ted cup was welded t o  the other  end o f  the t .'iuws 
which served as the valve actuator.  Rather than hard mounting the 
valve stem t o  the bellows, the connection was made w i t h  a pinned spr ing 
and d isc t o  provide overload pro tec t ion  t o  the valve stem. The be? ~ O K S  
and valve actuator assembly was screwed i n t o  a sleeve which was welded 
t o  the valve body. This screw thread connection allowed adjustment 
o f  the valve actuator pos i t i on  w i th  respect t o  the valve bcdy. The 
sleeve provided overpressure pro tec t ion  f o r  the bellows and a!so served 
as the po in t  o f  contact w i t h  which the e n t i r e  valve and contro l  f l ~ l i d  
reservoi r  assemblj could be inser ted  o r  removed from the  bulkhead. 
Four holes d r i l l e d  i n t o  the sleeve provided the vapor flow path t o  the 
valve body. Deta i l s  o f  the assembly are shown i n  the photographs o f  
Section 5.6. 
5.5.4.1 Ant ic ipated Control Range: 
The volume o f  the cont ro l  f l u i d  container (excluding the 
f i l l  tube) was approximately 0.91 in3 .  Using 0.80 x OF" f o r  
the methanol c o e f f i c i e n t  o f  expansion (Table 5-3), and an e f f e c t i v e  
2 bellows area o f  0.161 i n  (manufacturer's data), one can ca lcu la te  
the displacement o f  the  valve stem w i t h  ternperat-.-e as fo l lows:  
Once the valve opens t o  the  p o i n t   here the th roa t  area 
equals t h a t  o f  t he  holes i n  the valve body, i t  can be considered 
f u l l y  open. The atsea o f  the  holes equals 2.18 x in2 ,  and the 
2 area o f  the  th roa t  equals 1.18 i n  per inch  o f  stem displacement. 
Thus, a stem displacement o f  on ly  0.0185 i n .  i s  s u f f i c i e n t  t o  f u l l y  
open the valve. Based o r  the previous ca lcu la t ion  f o r  9, t h i s  
corresponds t o  a :emperature change o f  4.1°F. Thus, the an t ic ipa ted  
contro l  range o f  ' ' ie heat pipe; i .e. , the range i n  con+.rol f l  u i d  
temperature t o  f u l l y  open and close the valve, i s  approximately 4OF. 
5.5.5 Wick Syst ?: 
The requirements on the  wi'ck system are tha t  i t  provides a 
la rge  c a p i l l a r y  head and a low f low resistance. The la rge  c a p i l l a r y  
head i s  necessary t o  accommodate the press-ire drop across the valve, 
and the low f low resistance t o  assure t h a t  m ~ s t  o f  the c a p i l l a r y  head 
i s  avai lab le f o r  t h i s  vapor pressure drop. 
These requi rerents are best s a t i s f i e d  w i  t h  an a r t e r i  a1 wick 
st ructure.  Thus, the pipe was designed w i t h  a 0.0625 i n .  
diameter a r te ry  along the bottom made w i t h  two layers o f  300 mesh 
monel screen. I n  both the evaporator and condenser sections the 
ar te ry  was spot we1 ded t o  c i rcumferent ia l  wicks ( fou r  ! ayers 3 f  300 
mesh monel screen), themselves spot welded t o  the tube wal l  s. 
The c i rcumferent ia l  wicks ended a t  the bulkhead and the 
a r te r i es  i n  the  evaporator and conden. r were connected through the 
bulkhead by a 1/16 i n .  O.D. x ,006 wal . monel tube. Thus, l i o l n  
flowed through the bulkhead on ly  through the ar te ry .  
A d d i t i m a l  w i  cking i n  the  p ipe included a double l aye r  o f  
300 mesh monel on the external surface o f  t he  contro l  f l u i d  reservo i r  
(excluding the be1 lows), and t r a n s f e r  wicks prov id ing comnunicati on 
between the contro l  f l u i d  reservo i r  and the evaporator wal I .  The 
wicking s t ruc ture  i s  shown i n  Figure 5-9. 
5.5.6 N i n g a n d E n d C a p s :  
The heat pipe tube was designed i n  two 12 i nch sections 
welded t o  opposite sides o f  the bulkhead. The tube was s ized a t  
1.0 i n .  0.0. x 0.035 i n .  wa l l  thickness t o  f a c i l i t a t e  i n s t a l l a t i o n  
o f  the wicking and valve assembly. Smaller and l i g h t e r  tubing might 
u l t imate ly  be used f o r  a f l i g h t  system, b u t  the l a rge  diameter was 
more consi r t e n t  w i t h  the  requi rements o f  an experimental prototype. 
The condenser end o f  t he  heat p ipe was capped w i t h  a welded 
d isc containing a 114 i n .  f i l l  tube f o r  charging the  p ipe w i th  
work i rq f l u i d .  
The evaporator end o f  the p ipe was designed w i t h  a f langed 


























































































































































































I h I ! 
and removal o f  the valve-reservoi r subassembly. The 114 i n .  f i  11 tube 
f o r  the control  f l u i d  reservo i r  passed through a hole i n  the f lange - 
sealed by a second O-ring and bo l ted  washer. With t h i s  design i t  
was possible t o  ex terna l ly  adjust  the contro l  f l u i d  inventory without 
disassenbling and reprocessing t i le  heat pipe. 
The t ~ t i n g ,  end caps, flanges, etc.  are shown i n  the 
photographs o f  Section 5-6. 
Fabr icat ion o f  the P r o t ~ t y p e  Heat ?ipe. 
5.6.1 Piece Part  Manufacture: 
A1 1 o f  the components o f  the heat p ipe except the O-rings 
were fabr icated from the same mater ia l  - monel 400. The wicks were 
cu t  f r o m  3@0 mesh screen. The bellows was a standard purchazed 
pa r t  w i th  an 0.005 i n .  wal l ,  0.161 in . '  e f f e c t i v e  area, 1.0 in .  f r e e  
length and 82.5 Ibs. / in .  spr ing rate.  A l l  o ther  par ts  were machined 
f r o m  m n e l  tubing o r  rod stock. 
The p r i nc ipa i  ccmponents o f  the heat pipe (excluding wicks) 
are shown on Fig. 5-10. 
5.6.2 Assembly: 
The heat p ipe assembly u t i  1 i zed  an a1 1 -welded construct ion 
except f o r  the valve-bul kheac! screw connection and the  flanged seals 
a t  the  evaporator end. I n  b u i l d i n g  up the system, the  two sections 
o f  tube were i nd i v idua l l y  wick2d and then welded t o  both sides o f  the 
bulkhead. The condenser end cap, f i l l  tube and evaporator f lange 
were then we1 ded on. The contro l  f l u i d  reservoi r-be1 lows-val ve 
subassembly was welded and f i t t e d  together as a separate u n i t  which 
screwed i r t o  t he  bulkhead. Figures 5-11 and 5-12 show the hebt pipe 
i t i  p a r t i a l  s tates o f  assembly. 
I n  bu i l d ing  up the heat pipe a l l  components were r e ~ e ~ t e d l y  
cleaned a t  the piece-part, subassembly and assembly 1 evels by 
u l t rason ica l l y  ag i ta t i ng  them i n  acetone and Freon 113 fo l low ing a 
TCE vapor degrease. 
F! GURE 5- 1 0. Vapor Hodu 1 at i  on Heat P i  pe Cornpanen t s  ( i ncomp 1 e t e  ) . 
Evaporator  tube 
Condenser tube 
Evaporator f l  ange 
Evaporator end cap 
801 t e d  washer t o  seal control reservoir fi 11 tube 
Fu? knead 
Bulkhead artery 
Valve components (goppet, body and seat, stem, 
a c t u a t i n g  d isc )  
Con trel f 1 ui d reservoi r assembly components 
(re1 i e f  spr ing , inverted cup,  be1 1 ows , threaded 
;onnec tor, support sleeve , reservoi r tube)  
FIGURE 5-11. P a r t i a l l y  Assembled Heat Pipe 
FIGURE 5-12. Partially Assembled Heat Pipe 
5.7 Tes t inq  o f  the Prototype Heat Pipe. 
The t e s t  program f o r  the proto type heat  p i pe  was exp lo ra to ry  i n  
nature; i .e., t o  determine the c h a r a c t e r i s t i c s  o f  vapor f l ow modulat ion 
devices i n  order  t o  l a y  the groundwork f o r  desigti  o f  f l i g h t  sgstems. Two 
major areas o f  ib i ; !?st igat ion were i a e n t i  f i e d  as i d1  lows : 
o What were the  con t ro l  cha rac te r i s t  ~ c s  o f  the 
p ipe? Woul d i t  perfonn w i t h  the  an t i c i pa ted  
con t ro l  range? Was i t  t r u l y  i n s e n s i t i v e  t o  
s i nk  temperature v a r i a t i o n s  as theor ized? Would 
t he  system e x h i b i t  t r a n s i e n t  overshoots, under- 
shoots and/or hys te res is?  Would the system e x h i b i t  
s tab1 e operat ion,  e tc .?  
o What were the  l i m i t s  o f  operat ion? What was the  
capac i t y  o f  t he  system as a f unc t i on  of i t s  s e t  
p o i n t  temperature and condenser temperature? 
Was the opera t ing  regime bounded by the theory  
as d:scussed i n  Reference [3]? 
To perform the i n v e s t i g a t i o n  an experimental apparatus was con- 
s t r uc ted  as shown i n  Figs. 5-13 and 5-14. 
An 8 i n .  condenser was es tab l i shed  on the downstream s i de  o f  t he  
,lve by c i r c u l a t i n g  ethanol through a p l a s t i c  j a c k e t  sealed t o  the p i pe  
w i t h  O-rings. Tile s ink  temperature was c o n t r o l l e d  using a constant  tem- 
perature c i r c u l a t i n g  ba th  f o r  the coo lan t  w i t h  l i q u i d  n i t r ogen  as a re- 
f r i g e r a n t  f o r  the bath. 
S im i l a r l y ,  an 8 i n .  evaporator was es tab l i shed  by mounting heated 
aluminum b locks on the  upstream p o r t i o n  o f  the  p ipe.  Two clam-shel l  
b locks were bo l t ed  to the pipe, each w i t h  60 wa t t  ( a t  110 v o l t s )  heaters 
bonded t o  them. 
There was some concern t h a t  t h e  con t ro l  system migh t  prove unstab le  
unless the  thermal t ime constant  o f  t he  con t ro l  f l u i d  r e s e r v o i r  was small 
compared w i t h  the heat  source. Thus, a 1/32 i n .Te f l oq  s leeve was placed 
between the a1 uminum blocks and t h e  p i pe  t o  serve as a thermal res is tance .  

FIGURE 5-14. Prototype Vapor Flow l lodu la t ion Hea t  P i c e  
On Test  Stand.  
112 
The thermal capac i ty  o f  the blocks was 1 . I75 Btu/OF and the r e s i s t a ~ c e  o f  
the Te f l on  was 0.11 h r . -  OF/Btu, y i e l d i n g  3 thermal t ime constant of 0.1 3 
h r .  f o r  the heat source. Th is  compares w i t h  a value on the o rde r  o f  0 . 0 5  
h r .  f o r  the con t ro l  f l u i d  r ese rvo i r .  I t was a n t i c i p a t e d  t h a t  t h e  heat  p i p e  
would be tes ted  w i t h  and w i t hou t  the  hea te r  b locks t o  study the e f f e c t  o f  
t h i s  parameter . 
The system was i tistrumented w i t h  twel ve copper-constantan t h e r m -  
coup1 es loca ted  as shown on F i g .  5-1 3. Nine thermocouples were p laced on 
the hza t  pipe, most i n  t he  reg ion near the  valve.  The o the r  t h ree  were l o -  
cated on the  heater  b locks and i n  the c i r c u l a t i n g  e t h w o l  coo lant .  The 
thermocoupl es were read w i t h  a 12 p o i n t  record ing  potent iometer.  
Add i t i ona l  i ns t rumenta t ion  inc luded an ammetcr, vol  tmeter,  and auto- 
t ransformer f o r  c o n t r o l l i n g  ar7d measl!ring the  i n p u t  power. 
The t e s t  assembly, as shown i n  Fig.  5-14, was subsequently i n s u l a t e d  
w i t h  brethane foam t o  a minimum th ickness o f  2 inches. 
5.7.2 Test Resul t s  - Control  Cha rac te r i s t i c s  : 
Once the experimental system was de-bugged and f u l l y  operat iona l ,  
an i n i t i a l  t e s t  (Tes t  1 )  was run  t o  exp lore the  con t ro l  c h a r a c t e r i s t i c s  o f  
the p ipe  and uncover any unan t i c ipa ted  behavior.  Th is  t e s t  was run  w i t h  t he  
p ipe  l e v e l  and covered a range i n  i n p u t  power f rom 5 to 75 wa t ts ,  and a 
range i n  s i n k  cond i t i ons  f rom 26 to 84°F. The heat p ipe  per . ~ r m e d  extremely 
w e l l ,  as shown on F ig .  5-15. Measured da ta  a t  key po in t s  du r i ng  t he  t e s t  
are presented i n  Table 5-5. 
The p i pe  was f i r s t  heated t o  90°F w i t h  the  cool an t  ( s i n k )  s e t  a t  
M°F t o  establ  i s h  an e q u i l  i b r i um  c o n d i t i o n  above t he  a n t i c i p a t e d  con t ro l  
range. WSth the i n p u t  power maintained a t  20 wat ts ,  t h e  s i n k  s e t  p o i n t  was 
lowered t o  60°F. Th is  brought t he  heat  p i pe  i n t o  i t s  con t ro l  range and a 
small temperature d i f t t  rence began to appear across the valve. The s i n k  
s e t  p o i n t  das now lowered t o  40°F and t h e  evaporator temperature f e l l  o n l y  
20°F w h i l e  a 25°F temperature d i f f e r e n t i a l  developed across t he  valve.  
Th is  i nd i ca ted  t h a t  the va lve had p rope r l y  c losed i n  response t o  the small 
drop i n  evaporator temperature. 




























































































































































































































































































































































































responded w i th  a small increase i n  evaporator temperature and a 1 arge i n -  
crease i n  condenser temperature; again, a proper response i nd i ca t i ng  an 
opening o f  the val ve. 
A f u r the r  increase i n  i npu t  power pointed up the f i r s t  design de- 
f i c i ency  i n  the system. A1 though the condenser rose i n  temperature w i th  
respect t o  the evaporator, th? temperature drop acr*oss the v a l v e  only  f e l l  
t o  g0F whi le the evap>rators temperature rose to  7 6 O F .  A t  thic, evaporator 
2emperature the valve was presuniably f u l l y  opened - y e t  an appreciable 
pressure drop was sustained i n  es tab l ish ing  a vapor f low r a t e  correspond- 
i n g  t o  75 watts a t  76OF. Thi> could be reduced by designing the valve w i t h  
3 
a less  tortuous vapor f low pat? and a l a rge r  f low area. 
A t  t h i s  condi t ion the pipe was outside o f  i t s  contro l  range; i .e., 
the valve \!ae. f u l l y  open. To b r i n g  i t  back w i t h i n  contro l  the si l lk s e t  
po in t  was lowered t o  2 5 O F .  The temperature drop across the valve increased 
t o  14OF, i nd i ca t i ng  the valve must have closer! s l i g h t l y ,  and the evaporator 
temperature f e l l  t o  74.5OF. These resul t s  suggest tha t  the upper eqd o f  the 
contro l  range (valve f u l l y  open) i s  about 7 5 O F .  
An important po in t  t o  note i s  tha t ,  i n  responding to increases i n  
power, the system exh ib i ted  no temperature overshoot. Thus, the thermal 
respmse o f  the contro l  mechanism was f a s t  i n  r e l a t i o n  t o  the heat source 
as ant ic ipated. 
To t e s t  the response t o  a cool i n g  t i -ansient  the input  power was 
then reduced t o  10 watts. Simultaneously, the s ink  se t  po in t  was ra ised t o  
35°F. t o  avoid f reezing i n  the condenser as the valve closed. The response 
o f  the systecn was monotonic, w i t h  no evidence o f  a temperature undershoot. 
A f t e r  45 m l ~ u t e s ,  the condenser temperature had f a l l e n  t o  w i  t h i n  4 O F .  o f  
the sink, i nd l ca t i ng  the valve was almost closed, wh i le  the evaporator was 
some 32°F. warmer a t  71°F. 
To see whether the valve would close fu r ther  the power was lowered 
t o  5 watts. I n  rezponse, the condenser f e l l  t o  w i t h i n  2OF. o f  the sink. 
However, the evaporator temperature f e l l  t o  6 7 O F ;  below i t s  an t ic iea ted  
contro l  range. It was apparent t ha t  the p ipe was again outs ide o f  the 
cont ro l  range, t h i s  time oil the low side. 
With the val ve f u l  l y  c losed h e  evapc r a t o r  equi 1 i b r i  um temperature 
i s  es tab l i shed  by heat  leakage across the bulkhead. The s i n k  tempe\.;lture 
was then ra i sed  i n  steps t o  see i f  the evaporator temperature would increase, 
conf i rming t h i s  cond i t i on .  The system was very slow t o  respond a t  such low 
power azd a f t e r  45 minutes the  power was increased t o  20 wat ts  t o  speed the 
process. I n  response the  evaporator q u i c k l y  rose t o  71°F. and then s low ly  
iscreased t o  72"F., suggest ing t h a t  the va lve opened near the former va lue .  
Thus, the  lower  end o f  t he  c o n t r ~ l  range appeared t? be about 71°F. y i e l d i n g  
a t o t a l  range o f  73 2 2'F. Th is  i s  i n  agreement w i t h  design c a i ~ u : a t i o ~ . s  
(see Sec. 5.5.4.1). 
A f t e r  the system had equi 1 i brated, t he  evaporator temperature was 
72°F. Th is  corcpares t o  a s i m i l a r  va lue o f  72OF. e a r l y  i n  the t e s t  a t  a 
s i m i l a r  20 w a t t  i n p u t  power, suggest ing t h a t  the  va lve design i s  r e l a t i v e l y  
f r e e  of hys te res is  . 
To summarize the r e s u l t s  o f  t h i s  t e s t ,  the f o l l o w i n g  impor tant  con- 
c l  usions can be drawn : 
o The heat p ipe performed w i t n  the  a n t i c i p a t e d  
4°F. con t ro l  range a t  a nominal temperature 
j u s t  above ambient, i n  agreement w i t h  theory .  
o The evaporator temperature was r e l a t i v e l y  i n -  
s e n s i t i v e  t o  ~ a r i a t i o n s  i n  s i nk  temperature as 
l ong  as t he  s i nk  was below the evaporator c o n t r c l  
range. The s e n s i t i v i t y  which was observed a t  h i gh  
power and h igh  s i n k  temperature due t o  the va lve 
vapor pressure drop could  be f u r t h e r  reduced by 
designing a valve w i t h  a l a r g e r  f l o w  area. 
o The system operated s t a b l y  w i t h  the  thermal 
mass on the evayorator.  No undershoots o r  
overshoots were observed. lor  d i d  the  system 
exh ib i  t any apprec iab le  hys te res is .  
5.7.3 Tes t  Resul ts - Capaci ty : .  
With proper opera t ion  o f  the  con t ro l  system es tab l  ished, several  
t e s t s  were performed t o  measure the heat  t r a n s f e r  capac i t y  o f  the  system. 
The f i r s t  o f  these t es t s  (Test  2) was d i r ec ted  a t  exp lo r ing  the vapor f l ow  
capaci ty  o f  the val  ve. 
During Test 1, the heat p i pe  exceeded i t s  con t ro l  range a t  an i n p u t  
power o f  75 wat ts  and a condenser temperature c f  67OF. Under these condi -  
t i ons  (Table 5-4, t ime = 125 minutes) the pLnessure r a t i o  across the  val v?  
was PaB/PaU = 0.36 psia10.44 ps ia  = 0.818, whare: 
Pad - Pressure i n  ad iaba t i c  sec down; t rear11 
o f  the val  va (condense) L . 3 3 3 s  ure! 
'au 
- Pressure i n  ad iaba t i c  sec t ion  upstream 
o f  the  va lve (evaporator vapor pressure) 
This valve i s  s u b s t a n t i a l l y  above the sonic  pressure r a t i o  
(Pad/Pau = 0.545) i n d i c a t i n g  t h a t  the  r i s e  i n  evaporator vapor temperature 
above the con t ro l  range was indeed due to  the combination o f  h igh  condenser 
temperature and h igh vapor pressure drop across the valve. Thus, i n  Test 2 
the s i nk  temperature was set: low enough t o  assure sonic f l o w  cond i t ions  
across the valve. Under such circumstances t he  power a t  which the evapora- 
t o r  vapor temperature goes o u t  o f  con t ro l  represents the maximum f l ow  ca- 
pac i  t y  o f  the f u l  1 y opened val  ve. 
Unfortunately,  i n  prepar ing f s r  t h i s  t e s t  the heat p ipe was inad-  
v e r t e n t l y  heated t o  a temperature s l i g h t l y  above 100°F. Th is  had the e f f e c t  
a f  expand1 ng the bel lows bejond the p o i n t  where the i nver tsd cup bc ttomed 
agai r,st the va1 ve body (see Fig, 5-8), causing the be1 1 ows to expand r a d i  a1 - 
l y  and s l i g h t l y  s+:\btching the p lea ts .  The r e s u l t  was tha? the bellows was 
lengthened which was manifested as a decrease i n  the  con t ro l  range s e t  
p o i n t  f m m  73 f Z°F. t o  .r 69 3 2OF. 
Test 2 was run by l e v e l i n g  t h e  p ipe ,  s e t - i n g  t he  condenser a t  40°F. 
and con t i nua l l y  lower ing  the  s i nk  temperature as power was increased so as 
to  mainta in  the 40°F. nominal va lue a t  the condenser. Th is  was the  lowes t  
feas ib le  temperature f o r  the condenser w i t hou t  running the r i s k  o f  f r eez ing  
wh i l e  making the necessary adjustments t o  the s l nk  temperature. 
The r e s u l t s  a re  shown on Fig. 5-16. Equ i l t b r i um values f o r  the 
temperatures o f  the heat source (average o f  TC's 1 & 2), evaporatrrr w a l l  
(TC 4 ) ,  evaporator vapor (average o f  T C ' s  5,6,& 7), condenser vapor 





INPUT POWER (WATTS) 
FIGURE 5-16. Test  2 Resu l ts . '  
(average o f  TC's 8, 9 and 10) and s ink  (TC 12) dre p l o t t e d  as a func t ion  
o f  input  power. The f i g u r c  c.csr!y shows t h a t  the evaporator vapcr 
tsmperature (cont ro l led  var iable)  i s  a l i n e a r  func t ion  o f  input  power 
i n  the range 67 t o  71 OF corresponding t o  i npu t  powers up t o  100 wat ts .  
Above 100 watts the evaporator temperature r i ses  more rap id ly ,  reaching 
a value o f  7 8 O F  a t  150 watts. 
For a1 1 condit ions o f  Test 2 the pressure r a t i o  acrcss t he  
valve was lower than c r i t i c a l .  Pad/Pa, var ied between 0.379 and 0.246 
as the  power was increased fron! 20 t o  150 watts.  ThePofore, Lapor f l ow  
through the valve was a t  sonic ve loc i t y  for  a l l  condit ions such t h a t  
the mass f low was proportioned t o  t i le  pmduct  o f  the upstream densi ty  
and valve th roa t  area. Within the  range 20 t o  100 watts the increased 
vapor f low ra te  was pr imar i  l y  accomdated by an increase i n  the valve 
f low area. However, above a vapor temperature o f  71°F the  valve was 
f u l l y  open. Thus f o r  powers above 100 wat ts  the  increased vapor f low 
r a t e  was accomdated on ly  hy an increase i n  vapor density,  causing the  
change i n  slope o f  the evaporator vapor temperature curve. Wi th in the 
range 100 t o  150 watts the pipe was operat i  ng a t  the maximum valve 
capacity f o r  each vapor temperature. 
Figure 5-16 also points  up a second 1 i m i t  observed dur ing 
the tes t .  When the power w.=s ra ised from 100 t o  125 watts the  evaporator 
wa l l  temperature rose dispropor t ionate ly  w i t h  respect t o  the evaporator 
vapor temperature. This i ~ d i c a t e d  tha t  tne screen wicks amund the wa l ls  
(see Fig. 5-9) could no longer pump s u f f i c i e n t  f l u i d  and p a r t i a l l y  
d r i e d  out.  This might be regarded as a hydrodynamic 1 im i  t a1 though the 
ax ia l  f l ow  system ( the  ar te ry )  d i d  no t  f a i l  and the  p ipe was able t o  
operate stably.  
Following completion o f  Test 2, a t h i r d  t e s t  was run i n  an 
attempt t o  establ ish the  capacity o f  the ar te ry .  The resu i i s  o f  Test 2 
ind icated t h a t  t h e  ;i-,,.y capacity was i n  excess of 150 watts. Since 
the heaters were ra ted  a t  only  120 watts ( a t  115V) i t  was not  f eas ib le  
to establ ish t h e  a r te ry  capacity by- increasing the  power. Thus, i t  
was decided t o  maintain the power constant a t  100 watts and e levate 
the e v a p r a t o r  end o f  t he  pipe u n t i l  f a i l u r e  was achieved. 
While f a b r i c a t i n g  the  heat p ipe  t h e  a r t e r y  bubble p o i n t  was 
independently measured a t  25.75 p s f  i n  acetone ?t 75°F. T h i s  cui.r.esponl;s 
t o  78.4 ps f  i n  water a t  71°F which suggests t h a t ,  under no load, t he  
p ipe could be t i 1  ted  about 13 1/4 inches before the  a r t e r y  f a i l e d .  
Tne t e s t  procedure was i u  set t h e  i npu t  pcwer a t  100 wat ts  
and ad jus t  t h e  s i n k  temperature such t h a t  t he  condenser vdpor ta;!per-ati ire 
- . - -  ----v;-..t 
~ a b  , ,Al: l ,oc~?y 4CUF. ?he evaporator &as then e ievated i 1) steps and 
a1 1 tempewtures recorded a f t e r  the  system equi 1 i b r a t e d  a t  each e levat ion.  
A sumnary o f  t h e  t e s t  data i s  presented i n  Table 5-6. 
Several i n t e r e s t i n g  observat ions can be drawn froin t h e  data. 
A t  an e l eva t i on  o f  2 inches, TC 11 began t o  f a l l  apprec iab ly  below 
those on the  ad iaba t i c  sec t ion  downstream o f  t he  valve (condenser 
vapor temperature). This was an i n d i  ca t i on  o f  puddl i n g  a t  t h e  end o f  
the  p ipe due t o  a conibinatcor! o f  excess f i l l  and meniscus recession 
i n  t h e  wicks. A t  3 inches e leva t i on  TC 4 suddenly rose w i t h  respect  
t o  t he  evaporator vapor temperature i n d i c a t i n g  a c i r cumfe ren t i a l  wick 
dryoct  s i m i l a r  t o  t h a t  obta ined a t  125 wat ts  w i t h  t h e  p i pe  l e v e l  i n  
Test 2 .  Also, a t  t h i s  e l eva t i on  TC 11 f e l l  below t h e  f reez ing  temperature 
i n d i c a t i n g  the  format ion o f  i c e  a t  the  puddle i n  t he  end o f  t h e  condenser. 
No f u r t h e r  phenomena o f  i n t e r e s t  occurred as t he  p ipe e l eva t i on  
was increased t o  4, 5, 6 and 7 inches. However, wh i l e  opera t ing  a t  
7 inches e l eva t i on  a power f a i l u r e  occurred i n  the labora to ry .  Th is  
loss  o f  power caused the  p i pe  t o  r a p i d l y  c h i l l  and, s ince t h e  s i nk  was 
a t  -20°F, the e n t i r e  condenser f roze.  When the  condenser f r o z e  t h e  
f l u i d  could no longer  be pumped t o  t h e  evaporator and the  p ipe su f f e red  
a f reez ing  1 i m i  t f a i  1 crre, depriming the a r t e r y .  Th is  prematurely 
ended Test 3. 
5.7.4 Fa i l u re  of the  Heat p i p e :  
As a consequence o f  the  premature te rmina t ion  o f  Tes t  3 
due t o  a f r eez ing  1 i m i  t f a i  1 ure, an at tempt was made t o  repeat t h e  
t e s t .  This requ i red  repr iming t he  a r t e r y  - a task which proved t o  
be impossible.  
Many atterllpts were made tx re-prime the a r t e r y  using every 























































































































































































































































































































































































































































































































o attempts w i t h  the pipe l eve l  and no load. 
o attempts w i t h  the condenser elevated ant4 no load. 
o attempts w i t h  the heat pipe reversed; i .e. , heating 
the condenser and cool ing the evaporator. 
o  attempts t o  j a r  po ten t i a l  gas bubbjes out  o f  the 
ar te ry  w i th  the condenser elevated. 
o attempts t o  d i f f use  po ten t i a i  gas buSb!es o u t  of 
the ar te ry  by operat ins a t  low power. 
o re-processing the pipe several times t o  
achieve a gas f ree  system. 
Unfortunately,  a l l  attempts t o  reprime the arte;-y f a i l e d .  
The pipe always burned out  a t  less than i 2  watts input  power. 
As a f i n a l  attempt t o  recover the heat p;pe i t  was re -  
processed w i t h  methanol instead o f  water as the working f l u i d .  
Methanol has b e t t e r  wet t i cg  proper t ies than water and i t  was possib le 
tha t  i t  would prime the a r te ry  m r e  read i l y .  This was a lso  un- 
successful. 
A t  t h i s  po in t  e f f o r t s  t o  recover the p ipe wei-e terminated 
and the pipe was dissected i n  order t o  perform a f a i l u r e  analysis.  
The p ipe was completely disassembled and examined. Mo physical 
degradation was apparent. The condenser end cap was then cu t  o f f  
t o  permit  exav'nation of the ar'ery downstream o f  the  valve - the  
region .in which the water had frozen. Again, no v f s i b l e  damage 
was apparent. 
A t  t h i s  p o i n t  the p ipe was placed l e v e l  and methanol fed 
t o  the condenser end o f  the a r te ry  t o  see i f  i t  would prime through 
t o  the evaporator end. With the condenser s ide o f  t he  a r te ry  almost 
completely submerged i n  methanol , the 1 i q u i  d would no t  pass through 
t o  the evaporator. It was necessary t o  t i p  the condenser up before 
the l i q u i d  would f low through the  bulkhead. It thus appeared t h a t  the  
system was damaged i n  the  v i c i n i t y  o f  the bulkhead i n  such a way as 
t o  i n t e r f e r e  w i th  c a p i l l a r y  pumping through i t. 
A bubble p o i n t  t e s t  was then performed on the a r te ry  froni 
the condenser end. The bubbles emerged a t  the bulkhead on the 
condenser s ide  when the pressure reached 14.5 psf i n  acetone a t  
77°F. This compared w i t h  25.75 ps f  when the pipe was fabr icated,  
i nd i cz t i ng  a mechanical degradation of the a r te ry  a t  the bulkhead 
T ~ P  pipe was subsequently cut  open a t  the weld on the 
cendenser s ide o f  9 . 5  ' lu l  khead t o  permit examination o f  t he  a r t e r y  
i n  t h i s  region. I t  was found t h a t  the d r te ry  was t o r n  a t  the  p o i n t  
where i t  was welded t o  t h e  tube representing the bulkhead a r te ry  
(see Fig. 5-9). The tea r  was almost complete when examined. However, 
i t  i s  probable tha t  the condi t ion o f  the tea r  was a1 tered during 
disassembly and i t  i s  no t  known exact ly  what condit ions were o r i g i n a l l y .  
It appears, however, t h a t  the a r te ry  was t o r n  a t  t h i s  l oca t i on  as a 
consequence o f  the f reezing f a i l u r e  and t h a t  t h i s  caused the heat pipe 
t o  malfunction. 
5.8 Summary and Concl usions : 
A prototype vapor m o d u l a t i o ~ ~  heat pipe was designed, 
fabr icated and tested. The heat p ipe was constructed e n t i r e l y  o f  
m n e l  400 and u t i l i z e d  water as the  working f l u i d  and methanol as 
a s ing le  ( l i q u i d )  phase c ~ n t r o l  f l u i d .  
The contro l  assembly performed we1 1 du r i  ng t e s t i  ng , y i  e l  ding 
a contro l  range o f  4°F and a r e l a t i v e  i n s e n s i t i v i t y  t o  s ink temperature, 
i n  close agreement w i  t h  theore t ica l  predic t ions.  Furthermore, the  heat 
pipe operated stably ,  w i th  no evidence o f  temperature overshoot, 
undershoot o r  hysteres is  f o r  the range o f  condi t ions tested. 
Tne ax ia l  hydrodynamic capacity of the a r te ry  was not  ~ ~ ~ ~ e s ~ f ~ l l y  
measured befc re  the  heat p ipe was damaged i n  a f reezing f a i l u r e .  However, 
i t  c l e a r l y  exceeded 150 watts w i t h  the p ipe l eve l  and 100 watts w i t h  
the evaporator elevated 6 inches . Actual ly  , ca lcu la t ions  i ndi cate 
that ,  depending on the  val ve posi ti on and condenser temperature, 
the ax i  a1 hydmdynami c capacity (a r te ry  f a i  1 ure) woul d have been i n 
the range o i  4-7 k i lowat ts .  
However, t he  ax ia l  heat t rans fe r  capacity o f  t h e  p ipe was 
not  con t ro l l ed  by a wicking l i m i t  b u t  by the sonic l i m i t  f o r  vapor 
f low through the valve- This was measured a t  100 watts w i t h  the  valve 
f u l l y  open a t  71°F, r i s i n g  t o  150 wat ts  a t  78'F. 
Also measured was the  capaci ty  o f  t h e  c i rcumferen t ia l  
wicks. Th is  was equal t o  100-125 wat ts  w i t h  t h e  p ipe  l eve l  , y i e l d i n g  
2 a  maximum i n p u t  heat f;ux o f  4-5 w a t t s / i n  . 
The r e s u l t s  o f  t h i s  e f f o r t  j nd i ca te  chat t h e  vapor f low 
w d u l a t i o n  con t ro l  scheme i s  a  f e a s i b l e  and usefu l  concept. As a 
f i r s t  e f f o r t  the prototype heat p ipe was re1 a t i  vel y successful .  
However, several  design de f i c i enc ies  showed up which should be 
improved i n  f u t u r e  versions. These were as fo l lows :  
1  . The f u l l  y  open f low area o f  the val  ve was too  
small , causing excessive vapor pressure drops 
arid t o o  low a sonic l i m i t .  
2. The a r t e r y  was suscep t ib le  t o  damage when t h e  
condenser f roze.  This might  have been a1 1 e v i  ated 
by mounting i t  on a pedestal  r a t h e r  than up agai n s t  
the  tube w a l l  ( F i  y . 5-9). 
3. The a r t e r y  was d i f f i c u l t  t o  prime even before i t  was 
damaged. This was due t o  two f ac to r s .  F i r s t ,  the 
a r t e r y  was made o t  two l aye rs  o f  screen which enhanced 
the  probabi 1  i t y  o f  t rapp ing  a gas-stabi  i i z e d  bubble. 
A s i n g l e  l a y e r  a r t e r y  would be p re fe rab le .  Second, 
the  a r t e r y  cannot prime when t he  va lve i s  c losed and 
the  evaporator i s  h o t t e r  than the condenser, s ince there  
i s  no vapor c o n t i n u i t y  across t h e  bulkhead t o  a l l ow  
pressure equi  1  i zat ion .  Eut , i f  the  evaporator d r i e d  
o u t  there was poor thermal coup l ing  between the 
evaporator w a l l  and con t ro l  f l u i d  r ese rvo i r  compared 
w i t h  t h a t  between the  r e s e r v o i r  and bulkhead. Thus, 
i t  was no t  poss ib le  t o  prime the  a r t e y  if the condenser 
(and bulkhead) was cool i n  r e l a t i o n  t o  a  d r y  evaporator 
because the valve would remain closed. Th is  can be 
corrected by prov id ing  a conduct ive 1 i n k  between t h e  
evaporator w a l l  and t h e  con t ro l  f l u i d  r ese rvo i r .  This  
wi 11 assure t h a t  the  valve opens i f  t he  evaporator 
wa l l  temperature i s  h igher  than t h e  low end o f  the  
cont ro l  rznge even i f  the  evaporator i s  dry.  
4. The valve system d i d  not  have s u f f i c i e n t  over- 
temperatme pro tec t ion ,  causi ng t h e  
be1 lows t o  s t r e t c h  when the temperature exceeded 
100°F. Tkis can be simply corrected by p rov id ing  
more clearance between the  actuat ing assembly and 
valve body. 
These were the  observed de f ic ienc ies .  I t  i s  unfortunate 
tha t  the heat pipe was damaged before t e s t i n g  cou'ld be completed 
since add i t iona l  improvements might have been i d e n t i f i e d .  It was 
planned t o  t e s t  the heat p ipe over i t s  e n t i r a  operat ing range as 
def ined by the  f reez ing and blow-through l i m i t s .  Instead, only  
a small p o r t i o n  of  t h i s  range was explored, as shown on Fig.  5-17. 
i n  addi t ion,  no t e s t i n g  was done w i thout  the them21 mass on the  
heat source so t h a t  the  s t a b i l i t y  o f  Ihe system unaer such condi t ions 
i s  s t i l l  unknown. 
It i s  recmended  t h a t  the heat p ipe be repaired, reassenbled, 
and more f u l l y  tes ted  before a second generat ion prototype i s  designed. 
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